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Abstract
Wireless and Battery-Free Biosignal Monitoring using Passive RFID Tags
Shrenik Ashwin Vora
Advisor: Timothy P. Kurzweg, Ph.D.
Wearable health monitoring devices are becoming increasingly ubiquitous in clin-
ical settings and even in monitoring daily activities. This recent spurt in wearable
devices has been made possible through the development of low power electronics,
small footprint components and efficient data transmission methods. The next big
step in making monitoring devices more ‘wearable’ is the elimination of batteries.
Without the need to replace and recharge batteries, monitoring can be uninterrupted
and the monitoring device itself can be seamlessly integrated into garments. However,
to achieve this goal, merely reducing sensor power consumption is not enough. There
is a need for unconventional methods of health monitoring.
In this work, a novel passive Radio Frequency Identification (RFID) based method
for transmitting health parameters wirelessly and without batteries is described. The
dissertation proposes an innovative method of transmitting health parameter data by
simply turning RFID tags on and off. Technology for RFID based continuous moni-
toring that include a wireless power harvester and low-power circuits for amplification
and health parameter detection are developed in this research. The dissertation in-
cludes practical applications of the technology that are demonstrated using heart rate
and uterine contraction monitoring as examples. Empirical tests for characterizing
the heart rate monitoring system are also conducted. The heart rate monitoring
technology is validated with human testing which showed a correlation of over 99%
between actual and detected heart rate data.

11. Introduction
1.1 Wireless and Wearable Health Monitoring
Over the last decade we have witnessed an increased movement towards the devel-
opment of wireless wearable health monitoring devices [95, 96, 134]. Several factors
have enabled the current proliferation of wearable devices. These factors include
the development of diverse methods of sensing and transmitting health parameters,
smaller and unobtrusive monitoring devices and compact and efficient electronic com-
ponents. These advancements have enabled compact devices capable of continuous
monitoring. Monitors that interface easily with hand-held devices and have internet
connectivity have enabled remote monitoring and on-demand data access. A num-
ber of health parameters, including, heart rate, respiration rate, sleeping patterns,
hydration, step counts and many others can now be simultaneously monitored with
minimal interruption.
The underlying belief fueling the growth in wearable device research is that such
devices will allow for affordable round-the-clock monitoring which will promote early
detection and prevention of many diseases. In addition, wearable devices are finding
increasing applications in personal fitness tracking. It is believed that ready availabil-
ity of affordable continuous monitoring devices will translate to a reduction in overall
healthcare spending [96]. The healthcare system of the future should be preven-
tive, predictive, preemptive, personalized, pervasive, participatory, patient-centered
and precise (p-health system)[134]. Wearable devices have the potential of favorably
impacting each of the aforementioned ‘p’s in the p-health system.
This work proposes a novel RFID based monitoring technology which is battery-
free and very suitable for integration into a wearable monitoring platform.
21.2 Wireless Biosignal Monitoring Process
Figure 1.1: Steps involved in Biosignal Monitoring
Biosignals are measurable signals produced by the body that can be monitored
and related to the health and status of bodily organs. In spite of the diversity in
the electronics used for sensing biosignals and communication platforms employed
in transmitting them, almost all wireless wearable monitors have the same building
blocks as illustrated in Fig. 1.1. A typical wearable device goes through the following
steps to achieve monitoring:
• Sensing: The biosignal of interest is detected and a proportional electrical re-
sponse is produced
• Amplification: The small electrical response generated by the sensing compo-
nent is amplified to a level suitable for analysis
• Digitization and Storage: The amplified biosignal is digitized with an analog to
digital converter and then stored in a memory device
• Data Transmission: The stored data is transmitted over a wireless communica-
tion platform
Readily available small foot-print, ultra-low power microprocessors and other en-
ergy efficient electronic components have allowed for optimization of the sensing,
3amplification and digitization steps. Low energy communication protocols have fur-
ther reduced the power requirements for wirelessly transmitting monitored biosignals.
These energy savings have allowed the batteries to become smaller, while enabling
prolonged continuous monitoring on a single charge.
Figure 1.2: Cardiac monitoring of a new-born baby [44]
Ongoing research in reducing size, improving power efficiency and enhancing wire-
less connectivity continues to make wearable monitoring more practical. However,
this approach cannot solve challenges posed by the needs for all wearable monitors.
For example, Fig. 1.2 shows a new-born baby being continuously monitored for its
heart rate. A comfortable wireless monitor would definitely be more desirable to the
typical scenario presented in the figure. The removal of the wires is possible with
existing technology, however this would require the signal amplification, digitization
and transmission to all happen from a sensor on the baby’s body. These processes
4require power, therefore the wireless solution would require a battery. The fact that
batteries need to be periodically charged could hinder continuous monitoring. Ad-
ditionally, devices need to provide access points for batteries. The necessity of such
access points presents challenges for integration with the baby’s garments. The resul-
tant battery powered device would be cumbersome and uncomfortable for the baby.
For applications like these, merely optimizing the steps presented in Fig. 1.1 may not
be enough and a different approach to wearable monitoring is warranted.
1.3 Unconventional Biosignal Monitoring
Research on contemporary monitors has been focused on making better wearable
sensors [48, 80, 112, 117] and integrating them with a minimal profile[6, 95, 96, 122].
The growth in the wearable devices field has mainly been fueled by reducing compo-
nent size and power requirements. However, what if the conventional steps in biosignal
sensing could be combined or entirely bypassed? In this case, the reduction in system
size and power consumption could be considerable. For example, if a passive RFID
tag is used for monitoring data transmission, the power required for data transmis-
sion can be entirely eliminated. However, the power drains of the digitization and
data storage steps still exist. Therefore, in order to truly realize the battery free data
transmission potential of RFID technology, the digitization and data storage steps
need to be eliminated or rethought. To this end, unconventional biosignal sensing
needs to be achieved such that no analog to digital converters or local data storage
are required for biosignal transmission.
In this dissertation, a novel way to transmit biosignal parameters without the need
for local data storage is developed. The biosignal monitor discussed here employs
passive RFID technology and can be used to extract rate information from a variety
of bioelectric signals; without the need for batteries or wires.
51.4 Thesis Organization and Contributions
1.4.1 Thesis Organization
Chapter 2 of this dissertation delves into background information on relevant
material like biosignal sensing, data transmission and RFID technology. Chapter 3
describes a novel RFID based approach for biosignal data transmission and presents
some simulations to verify the viability of the proposed method. Chapter 4 illustrates
the steps involved in designing a hardware prototype for the RFID based heart rate
monitoring along with tests conducted to characterize the system. An algorithm to
improve heart beat detection accuracy in noisy environments is presented in Chapter
5. Chapter 6 discusses further system characterization and applications. Chapter 7
concludes this thesis and provides an insight into possible future work.
1.4.2 Thesis Contributions
The main contributions of this dissertation are summarized in Fig. 1.3. This
section provides an overview of these contributions.
1.4.2.1 Data Transmission Method
The main innovative contribution of the thesis is a method for transmitting biosig-
nal data by simply turning RFID tags on and off. The proposed method employs a
variation of On-Off Keying (OOK) modulation to RFID tags by interrupting RFID
data transmission based on the biosignal being monitored.
1.4.3 Hardware Design and Integration
Another contribution of this dissertation is a low power hardware realization of
an RFID based battery free and wireless heart rate monitor. The hardware design
involved circuits for biosignal amplification, wireless power harvesting and biosignal
6Figure 1.3: Thesis Contributions
7detection in addition to overall system integration. Commercially available compo-
nents like RFID tags and timer integrated circuits were creatively re-purposed for
implementing the system. Additionally, fundamental research was also conducted for
integrating a power harvesting antenna with the heart rate monitor.
1.4.4 System and Data Analysis
The dissertation contains extensive analysis to verify and validate the proposed
method for biosignal analysis. Algorithms for monitoring heart rate and uterine con-
traction employing the RFID on/off method are evaluated with simulations. The
heart rate monitor hardware is characterized using multiple tests that include valida-
tion with human data. A regression algorithm to improve heart rate detection data
in noisy environments is demonstrated. A detailed study on a specific use case of a
baby monitor is also presented.
1.4.5 Publications
The following articles have been published in relation to the work described in
this thesis.
• S. Vora, O. Montgomery and T. Kurzweg, “Enabling Uterine Contraction Mon-
itoring with Passive RFID Tags”, 2017 IEEE-EMBS International Conference
on Biomedical and Health Informatics (BHI), Orlando, FL, 2017, pp. 213-216
• S. Vora and T. Kurzweg, “Unconventional Biosignal Sensing with Passive RFID
Tags ”, IEEE HKN The Bridge, vol. 112, no. 3, pp. 25-29, Oct. 2016.
• S. Agezo, Y. Zhang, Z. Ye, S. Chopra, S. Vora and T. Kurzweg, “Battery-
Free RFID Heart Rate Monitoring System”, Proceedings of IEEE NIH Wireless
8Health 2016, Bethesda, MD, Oct. 2016, pp. 136-142. (Best Paper and Presen-
tation Awardee)
• W. Mongan, E. Anday, G. Dion, A. Fontecchio, K. Joyce, T. Kurzweg, Y. Liu,
O. Montgomery, I. Rasheed, C. Sahin, S. Vora and K. Dandekar, “A Multi-
Disciplinary Framework for Continuous Biomedical Monitoring Using Low-
Power Passive RFID-Based Wireless Wearable Sensors,” 2016 IEEE Interna-
tional Conference on Smart Computing (SMARTCOMP), St. Louis, MO, 2016,
pp. 1-6.
• S. Vora and T. Kurzweg, “Modified logistic regression algorithm for accurate
determination of heart beats from noisy passive RFID tag data,” 2016 IEEE-
EMBS International Conference on Biomedical and Health Informatics (BHI),
Las Vegas, NV, 2016, pp. 29-32.
• S. Vora, W. Mongan, K. Dandekar, A. Fontecchio and T. Kurzweg, “Wireless
heart and respiration monitoring for infants using passive RFID tags,” 2016
IEEE-EMBS International Conference on Biomedical and Health Informatics
(BHI), Las Vegas, NV, 2016.
• S. Vora, K. Dandekar and T. Kurzweg, “Passive RFID tag based heart rate
monitoring from an ECG signal,” 2015 37th Annual Int. Conference of the
IEEE Eng. in Medicine and Biology Soc., pp. 4403-4406, 25-29 Aug. 2015.
The following articles are yet to be published.
• S. Vora, W. Mongan, K. Dandekar, G. Dion, A. Fontecchio and T. Kurzweg,
“On Implmenting an Unconventional Wireless Infant Health Monitor with Pas-
sive RFID Tags”, 11th Annual IEEE International Conference on RFID (RFID
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9• S. Vora and T. Kurzweg, “Passive RFID Heart Rate Monitor for Wearable
Platforms”, IEEE Journal of Translational Engineering in Health and Medicine.
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2. Background
Extensive research is ongoing to make wearable devices smaller, lighter and effi-
cient [94]. As was shown in Fig. 1.1, sensing, amplifying, digitizing and transmitting
are the four primary steps involved in biosignal monitoring. In this chapter, methods
and state of the art for biosignal sensing and data transmission are discussed with
a focus on wearable technology applications. Additionally, as this work focuses on
an RFID based solution, a discussion on passive RFID technology is also included to
provide a foundation for later chapters.
2.1 Sensing and Amplification
The human body produces multiple signals that can be monitored to ascertain the
health and function of body parts. These signals can be mechanical or electrical in
nature. The focus of this work is on electrical biosignals; collectively called bioelectric
signals.
2.1.1 Types of Bioelectric Signals
Bioelectric signals measured to monitor different organs have been given spe-
cific names; electrocardiograms (ECG) are measured for heart, electroencephalograms
(EEG) are measured for brain, electromyograms (EMG) are measured for muscle ac-
tivity and electrooculograms (EOG) are measured for eye activity. Typical examples
of graphical representations of these bioelectric signals are shown in Fig. 2.1.
The hardware and apparatus used for measuring these biosignals are similar. For
each of these measurements, conductive electrodes are placed on the surface of the
skin close to the organ being monitored. The electrodes detect a mixture of biosignals
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Figure 2.1: Examples of different bioelectric signals: a) ECG, normal sinus rhythm; b)
EEG, normal patient with open eyes; c)EMG, flexion of bisceps; d) EOG, movement
of eyes from left to right [130]
due to various organs. However, as can be seen from Fig. 2.1 and summarized in Table
2.1, biopotentials due to different organs vary in their amplitude,shape and frequency.
To obtain the biosignal of interest, the sensed electric potential (biopotential) is first
amplified with an appropriate voltage gain. The amplified signal is then passed
through an appropriate filter for the desired biosignal. This filtered signal is then
digitized using analog to digital converters.
The focus of this work is on parameter extraction from two special types of bio-
electric signals (electrocardiograms (Section 2.1.2.1) and electrohysterographs(Section
2.1.3.1)). However, the approach and techniques discussed here can potentially be
adapted for other bioelectric signals as well.
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Table 2.1: Comparison of Bioelectric Signal Parameters [130]
Bioelectric Signal Amplitude (mV ) Bandwidth (Hz)
ECG 1-5 0.5-100
EEG 0.001-0.001 0.5-40
EMG 1-10 20-2000
EOG 0.01-0.1 dc-10
2.1.2 Cardiac Monitoring
Globally, cardiovascular diseases continue to remain the leading cause of death;
killing more people than any other disease [8]. This alone makes a strong case for
development of convenient continuous cardiac monitors. Heart rate, which specifies
the interval between heart beats, is the most important and commonly monitored
cardiac feature. Nowadays, heart rate monitors have started finding applications in
diverse areas from optimizing athletic performance [2] to monitoring health for those
employed in risky professions like firefighters [47]. Several technologies, new and old,
are used for heart rate monitoring. These include, but are not limited to, ballistocar-
diography [5, 39], pulse oximetry [108], phonocardiogram [33] and electrocardiogram
[74, 128]. Of these, the electrocardiogram (ECG), is a primary monitoring technique.
An ECG has several features that can provide significant insight into a patient’s car-
diac health [137], as discussed in the next section. Hence, heart rate monitors and
ECG devices have received wide attention from researchers in academia and industry.
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Figure 2.2: PQRST complex in an ECG Signal
2.1.2.1 Electrocardiogram
The way an ECG device works is that it detects and amplifies the tiny electrical
charges on the skin that are generated when the heart depolarizes during each heart-
beat cycle. A typical ECG signal is shown in Fig. 2.2 and it has several sub-waves
which indicate the steps in the cardiac rhythm [24]. The heart cycle is initiated by
the cells in the tissue called the sinoatrial (SA) node. The SA node can be referred to
as the ‘pacemaker’ of the heart. This node sends an impulse to the cells in the atria
which causes atrial contraction. This is represented by the ‘P’ wave in Fig. 2.2. Once
the atria depolarize, the cells in the atrioventricular (AV) node cause the ventricles
to depolarize. The ventrical contraction is represented by the ‘QRS complex’. The
‘T’ wave represents the relaxation of the ventricles.
The most common cardiac parameter extracted from the ECG signal is the heart
rate which conveys the frequency of the cardiac cycle. As the ‘R’ wave is the most
prominent of these waves, the heart rate can be directly measured by calculating the
time between successive ‘R’ waves [24].
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Figure 2.3: ECG of bigeminy condition [132]
2.1.2.2 Arrythmias
Deviations from the regular sequence of events in the generation of ‘PQRST’
waves may indicate critical cardiac events. Such changes from the normal cardiac
rhythm are collectively called ‘arrythmias’. A primer on different types of arrythmias
along with cardiac conditions that they indicate can be found in [70] and methods of
computationally simulating such arrythmias can be found in [13].
Some arrythmias affect the position of the ‘R’ wave and thus directly impact the
‘R-R’ intervals. Such arrythmias are called ‘rate arrythmias’. For example, a condi-
tion called ‘bigeminy’ where there is an occurrence of alternating long and short ‘R-R’
intervals, is shown in Fig. 2.3. Many of the arrythmias manifest as a change in shape
of the normal ECG waveform. For example, Fig. 2.4 shows atrial fibrillation, a type
of shape arrythmia where the atria cannot effectively transfer blood to the ventricles
due to abnormal electrical triggering. The ‘P’ waves represent atrial contraction and
the ‘P’ wave is noticeably absent in the top plot of Fig. 2.4 thereby changing the
shape of the ECG wave. Such arrythmias are called ‘shape arrythmias’.
2.1.3 Uterine Contraction Monitoring
Another set of biosignals to be considered in this dissertation are uterine con-
tractions. Timely detection of labor onset is critical in ensuring a safe delivery for
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Figure 2.4: ECG of atrial fibrillation (top) and normal sinus rhythm (bottom) [131]
pregnant mothers and their new-borns. The onset of labor is typically indicated by
frequent and regular contractions of the uterine muscles. Hence, uterine contrac-
tion monitoring becomes increasingly important towards the end of pregnancy. Any
indication of a preterm delivery can help reduce risk to the fetus [65]. Though it can-
not definitively predict preterm delivery, premature increased frequency of uterine
contractions is a strong indicator of preterm delivery[53].
Figure 2.5: Tocodynamometer strip with contractions [7]
Intra-uterine pressure catheters (IUPC) are the gold standard in uterine con-
traction monitoring and can produce very reliable uterine contraction signals that
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provide accurate contraction strength and frequency information [42]. However, the
procedure to place these catheters is highly invasive and it is only performed when
absolutely necessary; for accurate oxytocin regulation or if non-invasive monitoring
is not possible due to maternal obesity [50]. On the other hand, tocodynamometry
is the most common technique for measuring uterine contractions as it only involves
strapping a sensor to the mother’s belly [25]. A typical tocodynamometer strip is
shown in Fig. 2.5 with uterine contractions clearly visible as humps over the baseline.
However, the equipment used is bulky, requires expecting mothers to be tethered to
a monitor and it only measures relative strength of contractions. Uterine EMGs or
electrohysterograms (EHG) are non invasive and nearly as relaiable as IUPC [49].
Hence, there is a lot of interest in utilizing EHGs for uterine contraction monitoring.
2.1.3.1 Electrohysterograms
Figure 2.6: Contractions in an EHG Signal
A typical EHG signal for a pregnant woman in labor is shown in Fig. 2.6. Con-
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tractions are marked by a rapid increase in frequency and amplitude of the signals and
can be easily distinguished from the non-contraction state for parameter extraction.
The primary parameters of importance for contraction monitoring are the duration
and frequency of contractions. The EHG signal mainly differs from other bioelectric
signals in terms of frequency. The bandwidth of these signals is in the range of DC
to 3Hz [77], making it is possible to distinguish EHG signals from other bioelectric
signals.
2.1.4 Biosignal Electrodes
Figure 2.7: Electrodes for sensing bioelectric signals [32]
Electrodes are used to sense bioelectric signals like ECG and EHG from the surface
of the skin. Several types of biosignal electrodes are shown in Fig. 2.7 alongwith
their equivalent circuit diagrams [32]. Conventionally bioelectric signals have been
sensed using flexible conductive electrodes with a silver chloride gel layer between
the skin and the electrode. This gel layer, which may be wet or semi-dry, serves to
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reduce the skin-electrode impedance and improves signal quality. Such silver chloride
electrodes have several problems; they need to be replaced regularly as the effect of
the gel wears off, they are not reusable and the adhesive-gel combination makes the
electrodes unpleasant to wear. Thus, researchers have been trying to design electrodes
that are comfortable and can be used for prolonged monitoring.
Textile electrodes are an attractive alternative to conventional electrodes as they
can be integrated as a part of the garment a user already wears. However, the true
potential of textile electrodes can only be realized by doing away with the need for
conductive gels and adhesives for contact. To overcome these challenges, significant
research has been done in characterizing conductive fabrics and yarns for textile
electrodes [11, 17, 99, 103], comparing textile electrode types [32, 48, 78] and studying
the interface between the skin and textile electrodes[118]. Materials like polymers
[12, 72] and manufacturing techniques like screen printing [103] have been employed
to create novel wearable electrodes.
Fabric electrodes are yet to receive widespread acceptance primarily because of
the poor signal quality caused by inadequate contact between the electrode and the
skin. Researchers have tried to solve this problem by exploring several techniques like
introducing micro-barbs in the electrode [135] and improving the signal quality by
making active electrodes that include low noise pre-amplifiers packaged with conduc-
tive surfaces [84]. Furthermore, research has also been done on creating contactless
electrodes that are capacitively coupled to the skin for biosignal sensing [73, 117].
It should be noted that further research on electrodes is not conducted in this
thesis and standard gel electrodes are used for human data collection described in
Chapter 5.
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Figure 2.8: Integrated system with electrodes (left) and amplifier (right) on a single
chip [29]
2.1.5 Low Power Biosignal Sensors
Another step in making wearable monitoring devices more practical is to reduce
the power required for amplifying the sensed signal and packaging the circuits into
compact integrated chips. There are several biosignal sensing systems-on-chip (SoC)
in literature that are novel and utilize very little power [64, 105, 121]. An attempt
has also been made to combine an eletrode and an amplifier into a single integrated
circuit device [29]. This system is shown in Fig. 2.8 with a magnified image of
electrodes on the left and an integrated chip with amplifiers on the right. With the
advent of subthreshold conduction circuits, the power required to amplify bioelectric
signals can be drastically reduced and [62] describes an ECG amplifier circuit that
only consumes 2.6µW of power. Such low powered operation can make battery free
signal sensing and amplification easier to achieve.
In conclusion, major strides have been made in sensing and amplifying biosignals.
The power required for sensing and amplification has been significantly reduced. How-
ever, challenges still exist for a practical and comfortable alternative to gel electrodes.
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2.2 Wireless Data Transmission
Wireless transmission of the acquired biosignal is essential to prolonged monitoring
as it allows a person to be mobile. To wirelessly transmit biosignal data researchers
mainly use established methods like bluetooth [31, 74] and cellular technologies[128]
or develop their own prototype RF transmitters [80]. These transmission systems
consume power for relaying the biosignal data. In fact, the most power hungry as-
pects of wearable monitors are not the sensors but the data storage and transmission
parts [110]. Hence, optimizing the power required for data transmission is critical for
prolonged wearable health monitoring.
2.2.1 Types of Wireless Data Transmision Methods for Wearable Moni-
toring
Table 2.2 compares the range and typical packet power consumption for commonly
used wireless data transmission methods. As can be seen, different technologies are
suited for operations at varying distances.
Table 2.2: Range and power requirements of commonly used data transmission meth-
ods [111, 114]
Wireless Technology Range (m) Frequency (GHz) Power (µW )
ZigBee 10-100 0.868,0.915,2.4-2.5 3500
Bluetooth Low Energy 1-10 2.4-2.5 147
ANT/ANT+ 10-30 2.4-2.5 183
WLAN 35-125 2.4,5.8 210
UHF RFID 0-10 0.86-0.96 NA
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2.2.1.1 Medium to Long Range Data Transmission
The category of transmission methods discussed here are suitable for collecting
data from a large number of devices and transmitting over large distances which can
range over 100 m. ZigBee[136] is a popular wireless communication standard that is
used for low-cost, low-speed and medium range data transfer [114]. ZigBee has been
proposed as a wireless platform for several health monitoring devices [34, 63, 129].
It is easy to implement and provides a medium for communication between different
devices. However, as can be seen from Table 2.2, the power required to transmit a
single data packet is very high, making ZigBee difficult to use for wearable devices.
WLAN or cellular technologies are more suitable for transmitting sensor data
over long ranges [114]. They are capable of compacting data more densely in each
packet but components and power required for these communications make them
prohibitive for continuous transmission from a biosignal sensor. Even so, researchers
have looked into the possibility of direct data transmission from the sensor using
cellular technologies [10].
2.2.1.2 Sensor to Hub: Short Range Data Transmission
The transmission methods discussed in this section are used for short range com-
munication within a room or a small building between a sensor and a data collection
hub like a cell phone. Bluetooth and specially bluetooth low energy (BLE) are widely
used for data transmission from biosignal sensors. These technologies are very at-
tractive for personalized wearable monitoring due to the pervasiveness of bluetooth
compatible smart devices like phones and tablets. Hence, a bluetooth enabled sensor
can easily transmit data to a host of already existing devices. BLE has additional
features suitable for wearable devices like ultra low power idle modes and easy device
discovery functions [114]. Thus, there is an abundance of health monitors in literature
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that employ bluetooth to transfer data [19, 20, 61, 68]. It should be noted that power
saving measures like alternating between data transmission and idle modes are often
applied which introduce an inherent latency in the system and prevent continuous
monitoring.
ANT/ANT+ is a proprietary technology that is designed to meet the needs of
wearable sensor networks. It has features that allow for optimization between data
latency and power consumption [114]. Researchers have thus looked at this technology
extensively for use in wearable monitors [83, 123, 138].
Even though BLE and ANT are low power transmission technologies, the require-
ment for local power means that sensors need to have batteries. Wearable systems
benefit from being low-power as this prolongs usage and reduces the system down
time for recharging or battery replacement. Since data transmission is the main
power consumer in wearable monitors, any success in reducing the power consumed
for this step helps in prolonging the use cycle of the wearable device.
Passive RFID (Radio Frequency Identification) is a communication method that
does not rely on any local power source. Passive RFID tags work on power wirelessly
harvested off an RFID reader, rather than make use of any local battery systems.
Using passive RFID virtually eliminates the local battery’s data transmission burden
and can even enable the development of battery free monitors. Hence, the study of
RFID tags for biosignal monitoring applications is particularly interesting.
2.2.2 Unconventional Biosignal Sensing
Recently, a couple of biosignal sensing approaches have been published that do
not require any sensor to be placed on a person for monitoring due to the data trans-
mission method used. For example, [3] exploits the effect of mechanical vibrations
caused due to beating of the heart and respiration cycle on wireless RF signals to
23
determine heart and respiration rate. Another work [75], proposes a method that
uses perturbations in ambient WiFi signals to measure a person’s heart and respi-
ration rate. These methods, however, are very sensitive to practical conditions that
involve moving objects in the environment and require the monitored person to stay
relatively still. Also, in an environment with multiple people or even with animals it
is difficult to designate the monitored vital signs to a specific person.
2.3 RFID Technology
Table 2.3: Comparison of RFID Technologies [43]
Type Frequency (MHz) Range (m)
Primary
Application
Low Frequency 0.135 <1cm Access control
High Frequency 13.56 <1m Smart cards
Ultra High
Frequency
868, 915, 2500, 5800 >3m
Inventory
management
In contrast with the transmission methods presented in the previous section, RFID
systems can be passive, reliable and allow for unique identification of all subjects being
monitored. RFID systems are categorized by frequencies into three broad categories:
Low Frequency (135kHz), High Frequency (13.56MHz) and Ultra High Frequency
(868/915 MHz/2.5GHz/5.8GHz). Of these, the UHF tags have the highest range
which is of the order of tens of feet. UHF tags can thus allow a user to move around
while being monitored. UHF RFID tags can either be active or passive; wherein the
later are a category of tags that do not need any local batteries for operation.
A typical passive UHF RFID system is shown in Fig. 2.9. The picture depicts
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Figure 2.9: Passive Ultra High Frequency (UHF) RFID System
an RFID reader and a passive tag. The RFID reader sends a radio frequency (RF)
interrogation signal which is received by the tag. The tag is powered wirelessly by
this interrogating RF signal and it uses this energy to backscatter its unique tag ID.
Backscatter communication is conducted by varying the load seen by the tag antenna
with the data to be transmitted. The tag achieves this by changing its impedance
between a high and a low impedance state wherein each state corresponds to a 0 or a
1. Thus, no battery is required on the tag to perform communication. With passive
RFID, biosignal data can potentially be transmitted without using any sensor battery
power thereby allowing significant reduction in power and size for a wearable monitor.
2.3.1 Data Transmission with RFID
Today, a large number of products are identified, cataloged and monitored using
a unique RFID tag placed on them. Typically the only purpose served by these
tags is to identify the object that they are attached to in a manner that is very
similar to barcodes. Passive RFID tags have also started having increased visibility
for inventory management and patient tracking in hospitals [120].
For RFID tags to be used in sensor networks, they have to be capable of trans-
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mitting sensor data alongwith the tag ID. In its simplest form, the RFID tag can be
considered to be a one bit transmission device. The status of this bit is dependent on
the state of the tag; ‘0’ while the tag transmits and ‘1’ while it doesn’t or vice versa.
RFID tags, thus, can be connected to sensors and used to relay the signals detected
by them. There are several devices that use RFID tags in this fashion, these include
the initial version of the WISP platform [98] and a four bit transmission system for
generic sensor data[28].
2.3.1.1 Contemporary Biosignal Sensing with RFID
Figure 2.10: Contents of an RFID data packet
Contemporary RFID tags are capable of transmitting multiple bits of optional
sensor data along with the tag ID. The contents of a typical RFID sensor data packet
are shown in Fig. 2.10 which include a header for establishing a link with the RFID
reader, a unique identifier (tag ID) and sensor data. Hence, RFID tags can transmit
user defined data akin to other communication platforms. However, additional cir-
cuitry like analog to digital converters (ADCs) and microcontrollers are required to
digitize and embed the sensor data with the tag ID. Such battery free RFID based
ECG and EEG monitors have been suggested by [18, 37]. The additional compo-
nents required not only increase the size of the system but also add to its power
requirements. Another drawback of such systems is the requirement of significant
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transmitted data redundancy to achieve an acceptable degree of reliability. For ex-
ample, the electroencephalogram (EEG) system proposed in [37] (shown in Fig. 2.11)
requires 92% data overhead and has a range of only 0.8m. The requirement for data
overhead adds to the system power consumption. If this power is harvested wire-
lessly, higher power demand significantly degrades the system’s range. Additionally,
the system alternates between sleep/awake cycles to conserve power and eliminate the
interference due to the continuous wave RFID reader signal on the processing circuit.
Hence an alternative approach to biosignal data transmission with RFID tags that
does not have these limitations is warranted.
Figure 2.11: Passive RFID based EEG Monitoring System [37]
2.3.1.2 Unconventional Biosignal Sensing with RFID
One such RFID based sensor that does not follow the conventional process of
biosignal sensing is presented in [97]. The operating principle of this RFID stretch
sensor device is shown in Fig. 2.12. Here, an RFID tag is populated on a stretchable
fabric antenna and integrated into a wearable band. This band can be placed around
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Figure 2.12: Operating principle of RFID respiration monitor
a subject’s torso for respiration monitoring. The fabric antenna then stretches and
relaxes as the subject’s chest expands and contracts with each breathing cycle. The
antenna geometry changes with the breathing cycle which causes variations in the
signal strength backscattered by the tag as the subject breathes. These variations
in received signal strength can be correlated to the respiration rate. Such a stretch
sensor has no need for local data storage as the sensing and transmission steps are
combined. An unconventional sensor for bioelectric signals, however, is still needed.
2.4 Conclusions
In this chapter, a variety of bioelectric signals produced by the human body were
described and it was shown that they can be separated on the basis of their band-
widths and amplitudes. Extensive ongoing research for low power detection and
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transmission of these bioelectric signals was also discussed. Passive RFID technology
shows great promise for wireless and battery-free biosignal monitoring and several
contemporary RFID biosensors from literature were described in this chapter. How-
ever, an altogether different approach is necessary for monitoring bioelectric signals
without batteries. The following chapters describe a novel RFID based approach for
sensing critical features of bioelectric signals.
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3. Biosignal Monitoring with Passive UHF RFID Technology
Figure 3.1: RFID Based Bioelectric Signal Monitoring
Biosignal monitoring with passive UHF RFID tags can be achieved wirelessly
and without any batteries. As shown in Fig. 3.1, the integrated RFID sensor that
includes electrodes, processing circuits and the RFID tag, can be worn by a person
while the required biosignal is being monitored remotely using an RFID reader. Of all
the different RFID technologies, UHF RFID is the most suited for biosignal sensing
as it has enough range to monitor a mobile person indoors (up to 10 m). UHF
RFIDs can cover a number a number of different frequency ranges between 860 MHz
and 5.8 GHz. However, the lower end of this spectrum has received widespread
acceptance across several industries due to the existence of a well-established and
flexible standard. The standard that governs RFID tags in these lower frequency
ranges is called EPC Class 1 Genration 2 (C1G2) UHF RFID protocol [58].
This chapter begins with a description of the C1G2 protocol. A novel method
for biosignal monitoring using passive RFID tags is then introduced. The chapter
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also includes an experimental analysis of a continuous RFID datastream. Finally,
simulations are presented to discuss continuous heart rate and uterine contraction
monitoring using the proposed novel method.
3.1 EPC Class 1 Gen. 2 UHF RFID Protocol
The EPC Class 1 Genreation 2 UHF RFID protocol [58] specifies the require-
ments of passive backscatter RFID systems that operate in the 860 MHz to 960
MHz range. This protocol is used for inventory and supply-chain management in
retail, healthcare and manufacturing among other industries. Due to its large scale
application, it is easy to obtain inexpensive commercial implementations for this
RFID standard. However, a discussion of this protocol is warranted before studying
biosignal monitoring using the C1G2 RFID standard.
3.1.1 Generalized Reader-Tag Communication
For systems compliant with the EPC C1G2 protocol, the reader always initiates
communication with the tag. The tag can be either passive or active (battery powered
to enhance range). In both cases, the tag communicates with the reader by modu-
lating the signal backscattered from the reader’s continuous wave signal. It should
be noted that even in active tags, the reader-tag communication is always passive,
the added battery is only used to power circuitry on the tag and not to enhance the
strength of the backscattered signal [43]. The communication between the tag and
the reader is in half-duplex mode which means that only one can transmit at a given
time. An example of this communication between a reader and a tag is shown in
Fig. 3.2 [110]. In this figure, note that the interrogation signal from the RFID reader
initiates communication and the tag then backscatters a response. Not shown in the
figure, is the fact that the reader continues transmitting an unmodulated continuous
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wave signal while the tag backscatters its response. Thus, the tag’s backscattered
response has an offset as it is a combination of the tag’s backscattered signal and the
readers continuous signal.
Figure 3.2: Half-duplex communication between an RFID reader and a tag [110]
The primary modulation scheme used for data transmission is Amplitude Shift
Keying (ASK) [109]; though several forms of this modulation scheme like double
sideband, single sideband or phase reversal ASK are allowed as per the protocol. The
protocol allows a wide bandwidth of operation between 860 MHz and 960 MHz
to allow for flexibility in usage across allocated spectrums in different geographical
regions. For example, the allotted spectrum for UHF RFID in North America is 902
MHz to 928 MHz [43]. In order to minimize interference and free up spectrum for
other devices, FCC specifies that UHF RFID systems hop frequencies in 500 kHz
bands with not more than 400 ms per channel [110]. The protocol is compliant with
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this frequency hopping requirement. Additionally, the protocol allows for reading
multiple tags. The protocol does not specify a standard method for reading all tags
but provides primitive commands that can be combined as per the user’s choice to
optimize for speed, efficiency, power and other factors. Hence, the C1G2 protocol
offers a great deal of flexibility in UHF RFID system design.
3.1.2 Tag Read Process
The C1G2 protocol specifies a set of steps to identify and read individual tag
reads. These steps ensure that tags are read efficiently and reliably. A study of these
steps is essential to understand the effect of C1G2 protocol on biosignal monitoring
with UHF RFID.
3.1.2.1 Single Tag Read
Figure 3.3: Single Tag Response [58]
Fig. 3.3 shows the typical process of reading a single RFID tag. The process
starts with the RFID reader powering up and transmitting a continuous wave (CW)
signal for a predetermined time. This CW signal is used to wirelessly power up the
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tag; no query is sent by the reader for a fixed initial time to allow the tag to power
on. Thereafter, a query is sent by the reader which indicates a ‘Q’ parameter among
other protocol related details. The ‘Q’ parameter allocates the necessary number of
slots for a tag to respond and its value is between 0 and 15. Once a tag receives a
query, it generates a 16-bit pseudo-random number (RN16) between 0 and 2Q-1. The
generation of this RN16 number is an anti-collision measure and its function will be
discussed in the next section. The tag then transmits the generated RN16 number to
the reader. After receiving the RN16, the reader sends an acknowledgement (ACK)
back to the tag. On receiving the ‘ACK’, the tag transmits its EPC code which is
its unique ID back to the reader. The symbols ‘Tx’, are tolerance values assigned to
allow for variations in communication times due to environmental reasons that will
be discussed in Section 3.1.3. If the reader receives an invalid EPC, it sends a ‘NAK’
command for the tag to repeat the EPC code.
Figure 3.4: Query Repeat Cases [58]
The reader typically operates in an environment where there are more than one
compatible tags. As the communication method is half-duplex, only the reader or the
tag can be transmitting data at a given time. Thus, it is possible that more than one
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tags might respond to the reader at the same time. The reader simply repeats the
query if a collision is detected, or if no response is received from tags after waiting for
a stipulated time as shown in Fig. 3.4. The reader initiates a new query after failing
to receive the EPC three times. The protocol also has anti-collision features which
will be discussed in the next section.
3.1.2.2 Collision Mitigation and Multiple Tag Read
Figure 3.5: Procedure for tag response to RFID reader
The ‘Q’ parameter and the generation of the RN16 number together constitute
the main anti-collision features of the C1G2 protocol. The procedure followed for
initial handshaking between a single tag and the reader is shown in Fig. 3.5. The ‘Q’
parameter decides the number of available slots for the tags to respond. A higher ‘Q’
number is used for denser tag environments enabling a greater number of available
slots for tags. Once the tags receive the ‘Q’ parameter from the reader, they generate
the aforementioned random RN16 number. The higher ‘Q’ parameter, the lesser
the likelihood of two tags generating the same random number. Each tag then starts
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counting down from its generated random number. Once a tag reaches ‘0’, it transmits
its RN16 number to the reader and then completes the data transmission sequence
described in the previous section. In this way collision between tags is avoided.
If a tag has been successfully read, it should be left out of the inventory process
till all other tags in the environment are also read. Such exclusion ensures that the
overall inventory cycle is not delayed by the same tag being read over and over again.
The protocol uses flags to resolve this multiple read issue. At the start of an inventory
cycle (when the reader powers up), all tags are set to a flag ‘A’. Once a tag has been
successfully read its flag is set to ‘B’ and it does not participate in the inventory
process. Once all the tags in the environment have been read, the reader powers
down momentarily causing all the tags to be reset to ‘A’. All tags are then available
in the next inventory round for a new read cycle.
3.1.3 Variations in Inter-Cycle Tag Read Time
Inter-cycle tag read time is the time taken by the reader to read the same tag
again after completing an inventory cycle as described in the previous section. As
will become evident in the following sections, this inter-cycle tag read time is critical
for this work’s biosignal sensing method. The EPC C1G2 protocol only provides a
wide framework for UHF RFID systems to operate in, however, the flexibility offered
by this protocol means that the time between same tag reads may vary significantly.
The variation in tag read times can be due to several factors which are broadly divided
into three categories; protocol related variations, tag related variations and channel
dependent variations. These sources of variation are enumerated in Fig. 3.6.
Protocol related variations can be due to several adjustable parameters in the
EPC C1G2 standard. Firstly, the ‘Q’ parameter that decides the allowable time slots
for tags to respond can vary. Higher the ‘Q’ parameter, longer the allowable time for
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Figure 3.6: Causes of Variation in Tag Read Cycles
tags to respond. The protocol also allows for variation in modulation pulse length.
Modulation pulse length is the duration of every bit of data. Longer pulse lengths
are used to mitigate errors in noisy or low signal level environments, however, this
causes an increase in tag read time as well. Several data encoding methods like FM0,
Miller-2, Miller-4 etc are allowed by the protocol [58]. The choice of data encoding
method influences the tag read time. Commercial RFID readers come programmed
with several reader modes like ‘High Speed Mode’, ‘Dense Reader Mode’, ‘Standard
Mode’ etc. These modes allow for predetermined selections of protocol parameters
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suitable for different environments. Thus, time for tag reads also depend on the
reader mode selected. Finally, some readers may also deviate from the protocol [27]
while maintaining functionality with tags that follow the protocol, these deviations
may also cause changes in tag read times.
Time between tag reads may also vary with individual tags. Some of the variation
is introduced due to the tag antenna. As mentioned in Section 3.1.1, the reader
is required to hop across several frequencies. The response of each tag at different
frequencies might be different due to manufacturing tolerances. Thus tag read times
may vary dependent on the frequency at which a particular tag is interrogated. The
tag read times may also vary based on power and timing requirements of the circuit
design for a given variety of tags. Tag read times may change because of the changes
in the RFID channel due to environmental reasons as well. Misses in tag reads can
be caused due to increasing distance and multipath effects. A higher tag population
increases inter-cycle tag read time and may also cause repeated reader queries due
to collisions. Fig. 3.7 shows the reduction in number of tags read per second with
increasing distance for different reader modes [27]. It should be noted that a reader
setting that yields high tag read rates at lower distances (HS1 and HS2) can be
outperformed by other settings at higher distances.
From the above discussion it can be concluded that tag read times depend on a
large number of factors. Accurately estimating tag read times for RFID systems thus,
is non-trivial.
3.2 Biosignal Data Detection by Turning RFID Tags On and Off
As discussed in Section 2.3.1.1, passive RFID tags have already started finding
applications in bioelectric signal sensing. However, so far, the RFID technology has
merely replaced conventional data transmission methods like bluetooth. The sensed
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Figure 3.7: Variation in tag read times with increasing distance from the reader for
different reader modes [27]
data is still digitized using analog-to-digital converters and stored on flash memories
before transmission. In this section, a novel way to transmit biosignal data by simply
turning RFID tags on and off is proposed.
3.2.1 Principle of operation
On-off keying (OOK) [81] can be considered to be the simplest form of amplitude
shift keying modulation. Here, the presence or absence of a carrier wave represents a
bit of data. An example of OOK modulation scheme is presented in Fig. 3.8 [69]. In
the figure, the bit ‘1’ is represented by the presence of the carrier RF wave while ‘0’
is represented by the absence of any RF signal. The duration of each bit is fixed so
as to resolve the occurrence of repeated 1’s and 0’s.
Now, the same concept of OOK can also be applied to an RFID datastream. The
RFID tag can be turned on and off to transmit binary data. In doing so, one can
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Figure 3.8: On-Off Keying Modulation [69]
turn the RFID tag off for a fixed duration every time a biosignal feature is detected,
thereby creating an RFID tag data outage at the reader. Hence, the presence or
absence of a biosignal feature is transmitted simply by monitoring an outage at the
RFID reader.
Figure 3.9: Biosignal monitoring by turning an RFID tag on and off
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Fig. 3.9, explains the above concept using an ECG signal as an example. The
biosignal feature of interest in this case is an ECG ‘R’ wave. The top part of the
figure shows an ECG wave with ‘R’ waves clearly visible as the dominant spikes. The
receipt of an RFID tag ID is denoted by a blue asterisks in the bottom part of the
figure. Here, a single RFID tag is turned off for a brief period every time an ECG
‘R’ wave is detected. These outages can be easily detected at the RFID reader. In
this way, biosignal information can be transmitted without the need to store any data
locally and all analysis can be done at the reader. Such a method can significantly
reduce the power requirements and circuitry on the local sensor.
It should be noted that ‘OOK’ in a strict sense is not used for data transmission in
the discussion above. In fact, one might argue that the above method of monitoring
has parallels to pulse width modulation [16] as the time between outages corresponds
to a heart rate. The comparison to OOK is simply provided to provide a conceptual
basis for transmitting data by turning an RFID tag on and off.
3.2.2 Benefits and Limitations of the RFID On-Off Method
There are several advantages to transmitting biosignal data by turning an RFID
tag on and off. Firstly, it doesn’t require any local data digitization or storage which
not only eliminates the power required to perform digitization but also minimizes the
cost and circuitry associated with that function. As no data is stored locally, biosig-
nal monitoring is real-time. Additionally, data transmission is carried out passively
using the power harvested off the reader. The savings in power thus achieved, can
greatly enhance the range of RFID based biosignal monitors when compared to the
systems described in Section 2.3.1.1 without using batteries. The reduction in system
complexity can allow for sensor development with minimal circuitry which can be
easily and better integrated with wearable platforms. As each monitored person can
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be recognized based on the RFID tag placed on them, this system has the capability
to monitor several people at the same time using a single RFID reader. In general,
this technology has the potential to enable prolonged, comfortable, battery-free and
wireless monitoring.
The proposed method, however, does have some limitations. The system can only
operate in the presence of an RFID reader which may constitute an initial capital
investment in large facilities. Additionally, the method only provides a way to trans-
mit specific biosignal features and not the entire biosignal. However, transmitting
features alone could be enough for many monitoring applications like heart rate, res-
piration rate, muscle response etc. Detecting these features with simple low power
electronic circuits may also be a considerable challenge. Because the system relies on
time between RFID outages, the variation in tag read times as discussed in Section
3.1.3 introduces a systemic source or error in the system.
The following sections and chapters discuss the steps that can be taken to mitigate
the limitations and challenges of the proposed method so as to realize the full potential
of its benefits.
3.3 RFID Datastream
In typical RFID applications which consist of inventory control and item identifi-
cation, a tag is read only once. Biosensing applications, on the other hand, demand
continuous reading of the same tag over and over again. However, extensive data
for multiple reads of the same tag over hundreds of cycles is not available. In this
section, data for time between RFID tag reads is empirically studied to understand
the practicality of the RFID on/off method for biosignal monitoring and gain some
intuition in determining RFID outage durations.
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3.3.1 Tag Read and Tag Outage Durations
Figure 3.10: RFID time between tag reads: Continuous response and outage response
durations
When biosignal monitoring is done by turning an RFID tag on and off, the reso-
lution of the measurement is entirely dependent on the time between tag reads. Fig.
3.10 shows two important parameters, ‘Ton’ or the time between tag reads and ‘Toutage’
or the duration of an RFID outage that indicates the detection of a biosignal feature.
Let us first talk about the outage time. The outage duration should be much smaller
than the time between biosignal features or else the feature might be missed entirely.
The lower limit on the outage duration, however, is imposed by the time between
tag reads. The outage duration needs to be larger than the typical time between tag
reads other wise it would be impossible to distinguish an outage in the regular RFID
datastream. Hence, the duration between tag reads and the variation in them need
to be small so that smaller outage durations are possible.
Section 3.1.3 discussed the causes of variations in tag read times. A detailed study
of variation in tag read time is presented in [27] where the impact of various factors like
protocol settings, varying tag populations, distance, environment etc. are elaborated.
It should be noted that varying time between tag reads would cause for the biosignal
data to be transmitted at irregular intervals which could cause information to be
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delayed or even missed. An understanding of the time between tag reads and its
distribution is important to implement a biosignal monitor that employs the RFID
on/off method. Hence, an empirical study of distribution of time between tag reads
is conducted.
3.3.2 Experimental Setup
The experimental setup for collecting tag read time data is shown in Fig. 3.11.
This data collection was conducted in an office furnished with standard items like
computers, desks, chairs etc. An RFID reader and an RFID tag were placed at
varying distances from each other between 1 and 3 meters. To simulate the effect of
additional tags in the environment, two more tags were added, one after the other,
at the same aforementioned distances from the reader antenna. In the presence of
additional tags, time between tag read data was calculated for the same tag and
not for the additional ones. Data was collected at each setting for a period of three
minutes. The timestamp for each tag read was recorded and the difference between
successive timestamps was calculated to determine the time between tag reads.
The devices and equipment needed for this data collection were RFID tags, an
RFID reader, an RFID antenna and a personal computer for data logging. All the
above readings were collected using Impinj Monza X Dura tags [55]. A Monza X-
2k evaluation kit (shown in Fig. 3.11c as the larger black rigid PCB) was used
for data collection. The dummy tag consisted of additional Monza tags on flexible
substrates (also shown in Fig. 3.11c). The RFID reader used was an Impinj R420
Speedway Reader [56]. The antenna used was an RFMAX S9028PCLJ [104]. The
code for controlling the RFID reader was obtained from [87]. The reader setting was
‘MaxMiller’[54] mode with ‘M4’ encoding.
A faster read setup was also tested using only the flexible Monza tag at 1 meter
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Figure 3.11: Setup for acquiring RFID time between reads data: a) RFID reader
antenna with RFID tag (lateral view), b) RFID reader antenna with RFID tag (tag
in foreground), c) RFID tags used
distance from the antenna. The reader setting in this case was ‘Dense Reader Dual
Target’ [54].
3.3.3 Continuous RFID Datastream
Fig. 3.12 shows the distribution of time between tag reads when a single tag was
placed at a distance of 1m from the RFID antenna for a period of about three minutes.
The time between tag reads is very regular and for the most part, tag reads happen
in between 27 and 30 ms. The variation is expected due to the factors discussed in
Section 3.1.3. There is an additional group of tag read times around 34 ms and this
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Figure 3.12: Distribution of time between tag reads (MaxMiller Mode) with one tag
at 1m from the antenna
delay can be attributed to tags that were missed on the first attempt. The smaller
groups following these two relatively larger groups of tag read times happen mostly
due to the delay caused by periodic frequency hopping. Almost all tag reads happen
in under 40 ms. Fig. 3.13 shows the composite distribution of tag read times from
all setups mentioned in the previous section. It can be observed that the distribution
looks very similar to the one plotted for the single tag at 1 m case. This result shows
that the time between tag reads can be expected to be consistent for the distances
tested and in the presence of multiple tags.
It should be noted that there were some tag read times over 50 ms in Fig. 3.13
which are not shown in the graph. Their count was very small in relation to the ones
in between 20 and 50 ms and were not visible on the linear scale plotted here. Hence,
the same data was plotted using a log scale and is shown in Fig. 3.14. In a data
set of over 60,000 tag reads, fewer than 100 tag reads took between 50 and 90 ms
46
Figure 3.13: Distribution of time between tag reads (MaxMiller Mode):Combined
data for all combinations of tag placements
(approximately 0.17%). These delayed reads mainly happened at greater distances
from the reader and in the presence of multiple tags; both factors can cause missed
tag reads. Even though the delayed reads are few in number, there could be situations
where the delays are increased. Hence, the choice of an outage duration should take
into account these delayed reads.
Fig. 3.15 shows the read time distribution for a single tag at 1 m distance from
the antenna with the reader in the ‘Dense Reader’ mode. The change in the protocol
setting has changed the distribution as well. The time between tag reads is nearly
three times lesser than the previous setting chosen or about 10 ± 4 ms. Hence, this
setting can be used when faster biosignal measurements with greater resolution are
desired.
It can be summarized from the plots that we have seen so far that time between
tag reads can be in the vicinity of 6 ms to about 40 ms depending on the RFID
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Figure 3.14: Distribution of time between tag reads (MaxMiller Mode):Combined
data for all combinations of tag placements (log scale)
reader setting. The tag read time can increase due to various issues that cause tag
read misses but the aforementioned numbers are typical. The RFID outage duration
should be significantly greater than the typical tag read time. An outage duration of
about 100 ms thus might be sufficient.
The data collected above can be used to gain an understanding of the viability
of the RFID on/off method for biosignal monitoring. However, the time between tag
reads can vary due to many factors that include the reader mode and simulating the
effects of all these factors is beyond the scope of this dissertation. The dense reader
mode supports a very high tag read rate and is designed to operate in a multiple tag
environments. Hence, this reader mode is suited for biosensing applications where a
tag needs to be read continuously. The data collected using this mode is thus used
in the simulations conducted in the next section.
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Figure 3.15: Distribution of time between tag reads (Dense Reader Mode) for a single
tag at 1 m
3.4 Biosignal Detection with UHF RFID
The previous section showed that the typical time between RFID tag reads is of the
order of tens of milliseconds which is much smaller than the time between biosignal
features like heart beats which start at several hundreds of milliseconds. Hence,
the time between tag reads is sufficiently small for monitoring typical low frequency
biosignal features. However, the success of the RFID on/off method depends on
translating the electrical biosignal into a reliable RFID datastream. Hence the system
requires integration of multiple steps which include biosignal detection and RFID
outage generation on the sensor side and outage detection and processing for biosignal
feature extraction on the reader side. In this section, simulations are conducted to
gain insights into practically integrating these steps for detecting heart beats and
uterine contractions. The simulations are based on empirical datasets and are meant
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to motivate hardware design and data processing for monitoring heart rate and uterine
contractions. For the purposes of this exercise, empirical ECG and EHG data was
obtained from publicly available databases on PhysioNet [45].
3.4.1 Heart Beat Detection
A brief example of heart beat detection with the RFID on/off system was presented
in Section 3.2. In this section, two empirical datasets were used to simulate an RFID
datastream complete with outages corresponding to heart beats from ECG data.
The first dataset was the RFID time between tag read data that was empirically
collected as described in Section 3.3. The dataset used here was the one collected
with Dense Reader mode and the set included nearly 250,000 individual tag read
times. The second set was a publicly available ECG database [76] which contained
310 individual ECG records. The sampling rate at which the ECG data was collected
was 2 ms per sample which is much faster than the typical time between RFID tag
reads. The first ten records from the ECG dataset were used in this simulation.
3.4.1.1 Simulation Algorithm
The Fig. 3.16 describes the algorithm used to complete the simulation. The ECG
dataset contains regularly spaced timestamps as per the sampling rate of the ADC
used and the associated value of the ECG signal at that time. The simulation converts
this regularly time spaced ECG signal to a varying time RFID stream that has an
outage every time a heart beat is detected. The output of the simulation is a series of
timestamps that indicate the time of successive tag reads. To achieve this result, the
variable that stores the RFID timestamp is first initialized to zero and then the first
timestamp from the ECG dataset is compared to it. The timestamp from the ECG
dataset would naturally be greater than zero and the simulation progresses to the
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Figure 3.16: Flowchart of simulation to generate an RFID datastream with outages
for heart beats
next stage where the associated ECG value for the given time is found and checked
to see if that value corresponds to a heart beat. Heart beats are detected by simply
setting a threshold such that a detection happens only when an ‘R’ wave appears in
the ECG signal. If there is no ‘R’ wave detected, the algorithm simply picks a random
tag read time from the RFID dataset and increments the RFID timestamp variable
by that duration. The ECG timestamp is then incremented till it is greater than or
equal to the stored value of the RFID timestamp. Again, an associated ECG value is
picked and the presence of a heart beat is checked. If a heart beat is detected, then
a random tag read time is picked from the RFID dataset and it is incremented by
the tag outage duration. The outage duration for this simulation was chosen as 0.1
seconds. This choice of the outage duration was made based on Fig. 3.14 where all
tag read times were less than 0.1 seconds. Hence, it is possible to easily distinguish
an outage from a regular tag read. Additionally, the time between heart beats is
expected to be over 0.3 seconds so there is no risk of a 0.1 second outage covering
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more than one heart beat. After recording the RFID timestamp after the outage,
the process is continued through to the end of each ECG record and repeated for ten
records.
The MATLAB code for the simulations can be found in Appendix A.
3.4.1.2 Simulation Results
Figure 3.17: Comparison of RFID data outages with ECG data
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Fig. 3.17 shows the first ten seconds of one of the ECG records on the top.
The bottom plot shows the RFID data as obtained from the simulation algorithm
discussed above. The y-axis in that plot represents the time between each successive
RFID tag read received by the reader. This time is very small as long as an outage is
not created due to the detection of a heart beat. However, jumps in the time between
tag reads are clearly visible and these jumps indicate RFID outages. As expected,
one can observe that there is an outage associated with every ‘R’ wave in the original
ECG record. Hence, an RFID outage at the reader can be said to correspond to the
detection of a heart beat.
Figure 3.18: Heart Beats as detected by RFID
Fig. 3.18 compares the heart beats as detected from the RFID data (red stars)
with the actual positions of ‘R’ waves (blue circles). The threshold selected to detect
‘R’ waves is also shown on the graph. It can be seen that the detected beats do not
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coincide exactly with the threshold position. The tag is turned off for 0.1 s as soon as
the threshold is reached. However, for the detection algorithm, the outage starts at
a point where a tag was last read successfully before being turned off. Thus, a slight
variation is introduced in the detected time between beats. This variation is entirely
dependent on the time between tag reads and therefore smaller tag read times are
desirable. However, the effect of this variation on heart rate calculations should be
understood.
HeartRate =
60
TR−R
(3.1)
Heart rate is calculated by finding the time between successive ‘R’ waves. For
the RFID datastream, a heart rate calculation thus depends on the time between
successive outages. Equation 3.1 gives the heart rate in beats per minute (BPM)
where ‘TR-R’ is the time between successive RFID outages in seconds.
Figure 3.19: Error in detection of R-R intervals due to RFID
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The RFID detected beat-to-beat interval (also called ‘R-R’ interval) is compared
to the actual interval in Fig. 3.19. It can be seen that the RFID determined beat
interval is very close to the actual one. The reason for the small difference can be
understood by looking at Fig. 3.20 where the distribution of error in beat intervals
from all simulated ECG records is shown. The error in RFID beat interval is less than
10 ms for most data. This error is considerably smaller than typical beat intervals
which run into several hundreds of milliseconds. Thus, the error produced by the
RFID tag read time can be considered negligible for the selected setting. However, if
the time between tag reads were to increase, the error could also increase marginally.
Figure 3.20: Distribution of error in R-R interval determination due to RFID
It can be concluded that the RFID on/off method is viable for continuous heart
rate monitoring. The outage duration of 100 ms is easily discernible from regular tag
reads. In addition, the typical variation in tag read times does not create a significant
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error in the calculated heart rate.
3.4.2 Uterine Contractions
Another example of signals that can potentially be monitored with the RFID
on/off system are uterine contractions for pregnant women. For simulating an RFID
datastream with uterine contractions, the source biosignal database used was an on-
line EHG database [7]. This database contains 122 EHG records obtained from women
at various stages of pregnancy. Each record is about sixty minutes in duration. Not
all records had contractions, so five records that had multiple observable contractions
were used for this simulation.
Figure 3.21: Uterine EMG during labor with contractions highlighted in the inset
Fig. 3.21 shows the EHG signal for a woman in labor. Contractions are clearly
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visible as groups of spikes. It should be noted that an EHG signal is a very low fre-
quency signal and each individual spike can stretch several seconds. Thus, a threshold
based approach of creating outages might trigger multiple outages that are several
seconds long. Long outages may be undesirable as they could be indistinguishable
from tag reads due to poor signal quality. Thus, outages in this case are triggered
by detecting a rising edge which ensures a single outage per contraction spike. The
EHG signal is not flat in the absence of contractions and hence, false detection of
non-contraction rising edges needs to be prevented. It can be seen that the signal
amplitude is relatively low between contractions. The problem of false triggering can
thus be avoided by adding hysteresis around the baseline which establishes a non-zero
threshold for detection of rising edges. Thus, RFID outages are only created for the
large amplitude contraction edges.
3.4.2.1 Simulation Algorithm
Figure 3.22: Flowchart of simulation to detect uterine contractions by turning an
RFID tag on/off
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The simulation steps for uterine contraction are shown in Fig. 3.22. The steps are
very similar to the ECG simulation except for the change in database and detection
mechanism (edge instead of threshold). Additionally, hysteresis has been added so
that there is some buffer around zero-crossing points to avoid outage triggering from
smaller non-contraction signals. The outage duration is also increased to provide an
additional buffer for slower tag read times. This increase is possible because of the
low frequency of the EHG signal.
MATLAB code for the simulations can be found in Appendix A.
3.4.2.2 Simulation Results
An EHG signal with several contractions can be seen in Fig. 3.23. The detected
contraction spikes are shown in red stars. The locations of uterine contractions can
be easily recognized from the outages in the RFID data stream in the bottom graph.
The uterine EMG signal has a lot of activity during contractions which cause multiple
outages. There are relatively few outages in the absence of contractions. The outages
can be grouped to calculate the duration and frequency of contractions.
Further analysis of EHG signals will be briefly discussed in Chapter 5. The rest
of this work will focus on heart rate monitoring from ECG signals.
3.5 Conclusions
The details of the C1G2 protocol in relation to varying time between RFID tag
reads were discussed. A novel method for biosignal monitoring by turning an RFID
tag on/off was introduced. The time distribution of an RFID datastream was empiri-
cally studied for use in simulations to ascertain the method viability. Simulations for
heart beat and uterine contraction detection using the RFID on/off method were also
completed which proved the possibility of using this method for biosignal monitoring.
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Figure 3.23: Comparison of RFID data outages with EHG data
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4. Hardware Implementation for RFID based Heart Rate Monitoring
System
Through simulations, Chapter 3 proved that RFID tags can be used to transmit
intervals between heart beats by turning the RFID tag on and off. In this chapter, a
hardware implementation of this RFID technology is discussed to achieve heart rate
monitoring. The broad focus of this chapter is on low power circuit implementations
with minimal foot print, component selection and system integration.
4.1 System Design Considerations
The main requirements of the heart rate monitoring system are that it be wireless
and battery-free. The use of RFID technology eliminates the power required for data
transmission but power is still needed for signal sensing and amplification. For the
proposed RFID heart rate monitor to be battery-free, the system would have to rely
on harvested power for operation. Thus, the system needs to have very low power
consumption. The range of the system is dependent on the RFID tags used and the
wireless power required to operate the sensing circuitry. Hence, the power required
by the additional circuitry should be roughly the same magnitude as that consumed
by the RFID tags so as to not limit the system range. The power requirement of
the system can be minimized by choosing optimal circuit topologies and low power
components. Efforts should also be made to reduce the footprint of the overall design
to ensure easy integration with wearable platforms. Additionally, the circuit should
provide continuous operation with minimal latency to provide real-time monitoring.
Low power operation and small footprint, therefore, will be the prime motivating
metrics for a successful design.
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4.2 System Block Diagram
Figure 4.1: Block diagram of passive RFID based heart rate monitor
A detailed block diagram of our RFID based heart rate monitoring system taking
into account the wireless and battery-free requirements discussed in Section 4.1 is
shown in Fig. 4.1. The main components of the system are the RFID reader, ECG
amplifier, power harvester, heart rate detection circuit and the RFID tag. All compo-
nents, except the RFID reader, are to be placed on the person being monitored and
these components are shown in the dotted block in Fig. 4.1. The RFID reader and
data processor are remote or off the body. The complete process is described below.
4.2.1 RFID Reader and Data Processing
The RFID reader and the data processing unit constitute the first and the last
part of the RFID based heart rate monitoring system. The RFID reader emits contin-
uous RF signals in order to continuously interrogate the RFID tag for heart rate data.
These RF signals also serve an additional use of providing power for ECG amplifi-
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cation and heart rate detection, as discussed in the next section. Hence, the reader
serves the dual purpose of acquiring heart rate data and also powering the sensing
circuit. The RFID reader is connected to a processor that calculates the heart rate
based on the data received from the reader.
4.2.2 Power Harvesting
A constant DC voltage is required to operate the ECG amplifier and the heart rate
detector circuit. A wireless power harvester is used to provide this DC signal. The
power harvester circuit uses its antenna to capture the continuous waves emitted from
the RFID reader. These RF waves are rectified and regulated to create a constant
voltage source for other circuitry.
4.2.3 ECG Amplification
The ECG signal can be acquired by placing a pair of electrodes across the cardiac
axis on the human body. The amplitude of this ECG signal, however, is very small
(about 1mV). Hence, an amplifier is needed to magnify the small ECG signal to a
level that can be detected by the heart beat detection circuitry. Additionally, due to
the presence of other bioelectric signals (Section 2.1.1) and noise, the ECG amplifier
also needs a bandpass filter. The filtered and amplified ECG signal is fed to the heart
beat detection circuit.
4.2.4 Heart Beat Detection
The role of the heart beat detection circuit is to identify the ECG ‘R’ waves and
then generate a pulse of a specified duration to turn the RFID tag ‘off’ momentarily.
In other words, this circuit creates a series of square pulses that are used to turn
the RFID tag on and off in accordance with the source ECG signal. This detection
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hardware is critical to the work described in this thesis.
4.2.5 RFID Tag
The RFID tag uses its antenna to continuously backscatter its unique EPC code
to the reader. The tag is powered directly by the reader and does not require any
energy from the wireless power harvester. The continuous transmission between the
tag and the reader is interrupted when the heart rate detection circuit transmits
a signal to turn the tag off causing the tag to go silent for a short period. These
period of silences are seen as outages at the RFID reader and can be correlated to
the detection of ‘R’ waves. The heart rate can be determined by calculating the time
between these outages.
The above setup enumerates the minimal constituent blocks required to implement
the RFID based heart rate monitor. There is no provision to store data locally and the
data is continuously transmitted. All the processing and analysis is done at the RFID
reader in real-time. The following section describes the hardware implementation of
the blocks described in Fig. 4.1.
4.3 Circuit Design and Component Selection
While integration with a wearable platform is not discussed in detail in this work,
the system design takes into account this integration as the eventual goal. Hence,
the key to a successful design for this work are minimal power, fewest components
and smallest footprint for the system monitor to be placed on the body. The overall
design is a mix of choosing optimum commercial components, innovative solutions and
repurposing existing technology for novel uses. This section describes the hardware
design for proof-of-concept tests on the proposed RFID based heart rate monitor.
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4.3.1 ECG Amplifier
Setups for ECG sensing have been investigated since William Einthoven proposed
the first clinical arrangement at the turn of the twentieth century [113]. Hence,
the circuits for ECG amplification have reached a point where dedicated integrated
chips are available for the sole purpose of amplifying and digitizing ECG signals [9].
However, standard ECG circuits may not be ideal for the low power design required
for this work. An analysis of the main amplifier requirements is thus required before
choosing components and a circuit topology.
4.3.1.1 Design Requirements
Table 4.1: ECG Amplifier Requirements
Parameter Target
Electrodes 2
Bandwidth 0.5-100 Hz
Gain 1000-2000
Power < 500 µW
Dynamic Range 0-3 V
The main requirements for the ECG amplifier are listed in Table 4.1. For this
work, only the ECG ‘R’ waves are of interest and a single pair of electrodes will
suffice for this measurement. The bandwidth of the ECG signal is between 0.5 Hz
and 100 Hz, therefore, the ECG amplifier must be able to provide linear gain in this
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region. ECG signals are of the order of a few millivolts, an amplifier gain of between
1000-2000 is required to bring the signal amplitude to a few Volts so that it can be
processed by the heart beat detection circuit. The power consumption of this circuit
is targeted to be less than 500 µW as this current is comparable to the power required
for biosignal amplification and data processing by other RFID based sensor systems
[37, 110].
In addition to the above requirements, the designed ECG amplifier should have
high input impedance so that most of the input signal is available to the amplifier. As
the required gain is very high and the noise appearing at the input of the amplifiers
is also amplified, the chosen amplifier should have very low noise. It should also have
high common mode rejection ratio (CMRR) to eliminate noise that is common to the
electrode pair.
4.3.1.2 Circuit Design
Instrumentation amplifiers are commonly used for amplifying biosignals and are
able to achieve many of the requirements stated in Table 4.1[35]. These amplifiers
have input buffers which provide very high input impedance in addition to low noise
and high CMRR. However, it is important that the instrumentation amplifier have
very low power dissipation. The Texas Instrument’s (TI) INA321 [60] is a micropower
instrumentation amplifier with a quiescent current dissipation of less than 40 µA. Fig.
4.2 shows our ECG amplifier circuit implementation based on the INA321 chip.
The ECG signals are delivered to the amplifier through inputs IN1 and IN2. These
input signals are pulled to the mid-rail common mode voltage using resistors R7 and
R8. IC2 is the INA321 instrumentation amplifier which provides a gain of about five.
Additional gain is thus needed and is provided by an amplifier stage which also doubles
as a low pass filter. Another opamp, indicated by IC1B, provides feedback and acts
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Figure 4.2: ECG Amplifier Schematic with Layout
as a high pass filter to set the lower cut-off frequency of the amplifier. The values for
the filter components were chosen after simulating this circuit using a SPICE tool.
The frequency response of the simulated circuit is shown in Fig. 4.3. The opamps
used were TI’s OPA336 [119].The voltage divider formed by resistors R10 and R11
provides mid-rail (half of supply) DC voltage for biasing the instrumentation amplifier
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Figure 4.3: ECG Amplifier Frequency Response (simulated)
inputs. The layout of this circuit is also shown in Fig. 4.2.
4.3.1.3 Functional Verification of the ECG Amplifier Circuit
The primary function of the ECG amplifier circuit is to provide a clean and am-
plified ECG signal from which an ‘R wave’ can be easily discerned. To verify that
the ECG amplifier circuit is operating satisfactorily, the circuit was connected to an
ECG wave simulator [51]. The features (amplitude, shape, frequency etc.) of the
simulator output are identical to actual ECG signals obtained from humans. Since
the amplitude of the ECG signals is very small, the simulator also has an inbuilt
amplifier for comparison with the ECG amplifier being tested. The outputs of the
designed ECG amplifier and that of the simulator pre-amplifier are compared in Fig.
4.4. The figure shows that the ECG amplifier faithfully reproduces the input ECG
signal. The signal shape and ‘R’ wave peaks of the amplified ECG wave line up very
well with the simulator output.
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Figure 4.4: Comparison of the ECG Amplifier output with the ECG simulator pream-
plified output
4.3.2 Heart Beat Detection
Figure 4.5: Heart beat detection circuit output
The ECG ‘R’ wave has a very short duration of only a few milliseconds which
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may not be enough to produce a recognizable RFID outage or even turn the RFID
tag off. Thus a heart beat detection circuit is required to detect ECG ‘R’ waves and
convert this signal to a well defined square wave pulse to turn the RFID tag on and off
reliably. The function performed by the heart rate detection circuit is shown in Fig.
4.5. A common way to design an ‘R’ wave detection circuit is to use a programmable
microcontroller, however, this approach has several limitations and a more efficient
approach is employed in this work. Both are described below.
4.3.2.1 Microcontroller Based Approach
Figure 4.6: Microcontroller based heart rate detection algorithm
A low power microcontroller like TI’s MSP430 [59] series of microcontrollers can
be used for heart beat detection. The microcontroller has inbuilt comparators, ADCs,
clocks, flash storage and consumes less than 1 µA of current while in sleep mode. An
algorithm that can be followed to detect ‘R’ waves is shown in Fig. 4.6. When
the system is initialized, the designated output pin on the microcontroller is set to
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low, the inbuilt comparator is turned on and the microcontroller enters a low power
mode to conserve power. The comparator is set to look for a rising edge that exceeds
an appropriate threshold. The microcontroller then looks for an immediate falling
edge to confirm the detection of an ‘R’ wave. Once the ‘R’ wave is detected, the
microcontroller momentarily exits its low power mode, turns the comparator off and
sets the output to high for 100ms. This outage duration was chosen based on the
discussion in Section 3.4.1. After the outage is complete, the microcontroller again
enters a low power mode and the comparator starts looking for a rising edge. The
entire process can be completed by using less than 100 µA of current.
The above procedure provides a robust method to detect ‘R’ waves and reliably
produce square pulses to turn RFID tags on and off. However, the use of a micro-
controller is not only expensive but also requires a larger circuit footprint. More
importantly, the power consumption is still very high (approximately 300 µW) and
lower power solution is desirable.
4.3.2.2 IC 555 Timer Based Approach
An innovative approach to obtain ‘R’ wave correlated RFID outage pulses is to
use an IC555 timer. When used as a monostable multivibrator [46], IC555 produces a
single square wave pulse of a desired duration every time it is triggered with a narrow
negative going edge. The process of using a monostable multivibrator to obtain an
outcome similar to the one shown in Fig. 4.5 is described below.
4.3.2.3 Circuit Design and Functional Test
A very low power IC555 chip, CSS555[36], which has a current consumption of less
than 5 µA, is used for this work. The circuit diagram for the monostable operation is
shown in Fig. 4.7. The main design components of the circuit are the resistors RA and
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Figure 4.7: Circuit for using IC555 as a monostable multivibrator with component
values for heart beat detection
RB, and the capacitor CT . RA and RB are in the charge path of the capacitor CT . Due
to the internal configuration of the IC, only resistor RB is in the discharge path of the
capacitor. In the absence of a negative edge trigger below 2/3 VDD (supply voltage),
the output of the circuit is low. In this state, the capacitor constantly discharges
through RB as the discharge pin is internally connected to ground. However, when
a trigger is applied to the circuit, the discharge pin is disconnected from ground, the
capacitor starts charging and the output of the circuit is turned high. The capacitor
charging continues till the voltage across it reaches an internally set threshold after
which the output of the circuit is low again. Thus, the charging cycle through RA,
RB and CT decide the duration for which the output of the circuit is held high. The
component values were chosen based on the Eq. 4.1 [36]. The recovery time of the
circuit depends on how soon the capacitor discharges and thus the resistor RB needs
to be small. It should also be noted that there is a direct path from source to ground
via the resistor RA while the discharge pin is internally grounded. Thus, this resistor
needs to be very high to reduce current consumption. The component values shown
in Fig. 4.7 were chosen with these considerations in mind. The system was designed
for an outage duration of about 100 ms and a recovery time of less than 50 µs. It
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should be noted that the circuit needs a negative edge trigger for operation. The
negative trigger is achieved by simply reverting the polarity of the ECG signal.
OutageDuration(s) = 1.1× (RA +RB)× CT (4.1)
Figure 4.8: Heart beat detection circuit output
Fig. 4.8 shows an oscilloscope capture of the output of the multivibrator circuit
when it is triggered using an amplified ECG signal. The ECG signal is inverted as
the detection circuit is triggered with negative edges. As can be seen in the capture,
the circuit creates square wave pulse for every ECG ‘R’ wave and the outage duration
is approximately 101 ms.
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4.3.3 Power Harvester
The ECG amplifier and the heart rate detection circuit both require power for
operation. This power is provided using a wireless power harvester.
4.3.3.1 Power Harvester Requirements
Several methods exist for energy harvesting from vibrational and electromagnetic
sources [102] for biosignal monitoring. For this work, however, a more stable and
constant source of wireless energy is required to implement a reliable battery free
solution. As per the method described in Section 3.2, a reader constantly interrogates
an RFID tag for biosignal monitoring. Thus, the reader continuously emits RF waves
which can be harvested for powering the additional circuitry besides the passive RFID
tag. However, there are specific challenges with using the RFID reader as the power
source.
The wireless power harvester needs to operate in the same frequency band as the
UHF RFID system. Same band operation can be achieved by appropriate antenna de-
sign of the power harvester. The bigger challenge, however, is the fact that RF power
degrades quickly with distance. The power received by a wireless power harvester
can be roughly estimated using the Friis transmission equation which is shown in Eq.
4.2 [14]. Here, the variables P , G, R and λ stand for power, antenna gain, distance
and wavelength, respectively while the subscripts ‘r’ and ‘t’ stand for receiver and
transmitter, respectively. In this case, the RFID reader is the transmitter and the
power harvester is the receiver. It can be seen that the power received increases with
wavelength, however, since the system operates in the UHF band, the wavelengths
are very small. Additionally, the received power decreases by a factor of distance
squared. Hence, the power received by the harvester reduces very quickly with small
increases in distance. The received power can be increased by increasing the trans-
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mitter and receiver antenna gain, but there are limitations on this increase also [14].
Hence, the power harvester needs to be very sensitive so that it can operate at very
low power levels while being efficient enough to ensure that most of the harvested
power is transferred onto the sensor circuits.
Pr = PtGtGr(
λ
4piR
)2 (4.2)
4.3.3.2 Powercast
Commercial chipsets are available for wireless power transfer but many of them
are for other frequencies or cannot drive enough power at the RFID UHF frequency
of interest [41, 106, 115]. The Powercast P2110B [100] is a wireless power harvester
receiver that integrates all the necessary components of a wireless power harvesting
in a single daughter PCB board. It operates in the UHF RFID frequency band of
902 MHz to 928 MHz. The minimum power at which the chipset operates is -12
dBm which is equivalent to about 63 µW . The efficiency of the device depends on
the reeceived power and the efficiency is above 50% as long as the received power is
above -9.5 dBm. The constant DC output voltage is adjustable between 1.8 V to 5.25
V . The P2110B harvester does require some external components which include an
antenna and a storage capacitor. The antenna can be designed to optimize for size,
directivity and antenna gain while the capacitor can be optimized for start-up time
and continuous operation in face of intermittent input power loss. The Powercast
evaluation module is shown in Fig. 4.9. Optimization of external components will be
discussed in Section 4.5.
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Figure 4.9: Powercast P2110 evaluation kit
4.3.4 RFID Tag
This work employs RFID tags in an unconventional application. RFID tags are
not meant to be turned on and off multiple times in a duration of seconds. Hence, it
is difficult to find commercial RFID tags that can be turned off with a local analog or
digital voltage signal. This section describes how the objective of turning an RFID tag
on/off for biosignal monitoring can be achieved by repurposing existing commercial
tags.
4.3.4.1 Turning RFID Tag On/Off
An RFID tag consists of an RFID chip which does all the data processing and a
tag antenna which captures and transmits RF signals. If the connection between the
RFID chip and its antenna are broken, the tag is unable to communicate and can be
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Figure 4.10: Turning an RFID tag on and off with a switch
considered to be turned off. Hence, an RFID on/off mechanism can be implemented
by connecting a switch in between the RFID chip and the antenna as illustrated in
Fig. 4.10. However, introducing such a switch also introduces losses which directly
effect the range of the RFID tag. Additionally, power is required to change the state
of the switch which is an additional burden on the power harvester circuit. Hence, an
alternate approach that does not have these limitations is required. Ideally, an RFID
chip that has features that allow it to be turned on and off with an external signal is
desired. One such chip is discussed in the next section.
4.3.4.2 Impinj Monza X2K Dura
Figure 4.11: Impinj Monza X2k Dura pin configuration [55]
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The pin configuration of Impinj Monza X2k Dura chipset is shown in Fig. 4.11.
This RFID chip can be connected to two antennas to increase sensitivity, and it also
has provisions for transmitting user defined data by using serial communication pins.
Additionally, the chip has a DC input (DCI). A passive RFID tag does not need any
DC input to operate, however, on this particular chip a DC voltage can be applied to
enhance the tags sensitivity from -17 dBm to -24 dBm [55]. However, this approach
can be reversed to suppress all communication from the tag and effectively turn the
tag off. To achieve this on/off ability, an internal register 1 in the tag needs to be reset
first. Once the register is set, the RFID tag is turned off every time a DC voltage
between 1.8 V and 3 V is applied to the DCI pin. In this way, the RFID tag can be
turned off without any additional lossy components or a substantial power draw.
The above method of turning RFID tags on and off was tested by supplying a
square wave pulse of about 110 ms duration to the DCI pin of the Monza tag every
second and recording the time between tag reads similar to the procedure described
in Section 3.2. Fig. 4.12 shows the time between tag reads for the described test.
The RFID outages are clearly visible in the plot. The variation in the RFID outage
durations can be attributed to a combination of factors described in Section 3.1.2 and
the total time taken to turn the Monza tag on, which could be anywhere between 2
ms and 20 ms. The current consumed for turning the RFID tag off was measured
and it was found to be only 17.6 µA.
4.3.5 RFID Reader and Data Processing
The primary requirement of the RFID reader is to provide adequate range for
reading tags. Additionally, it needs to provide wireless power for auxiliary circuits.
The reader is remote and thus has no limitations on size and can be energized using
1DCI RF EN register
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Figure 4.12: Time between tag reads when an RFID tag is turned on and off
plugged-in power. Hence, the requirements of the RFID reader, in many ways, are
relaxed compared to those of the other components. The RFID reader needs to
transmit maximum allowable power to maximize RFID range. The RFID reader also
needs to have the flexibility to allow for different EPC protocol configurations as
described in Section 3.1. The focus of this dissertation work is on the components of
the sensor circuits described above and the RFID reader is mainly used as a means to
collect data. While many other RFID readers could have satisfied these requirements,
the readers used for this work were the Impinj Speedway R1000 and R420 [56] as these
were readily available. The RFID reader also needs a transmission antenna and the
antenna chosen was RFMax S9028PCLJ [104]. All the RFID data was stored and
processed on a personal computer connected to the RFID reader.
Individual components and circuits have been identified to complete the system
blocks shown in Fig. 4.1. The next step is to integrate them to create a prototype
RFID heart rate monitor.
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4.4 System Integration and Functional Tests
Figure 4.13: Hardware components for testing RFID based heart rate monitor
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Fig. 4.13 shows the hardware components described in Section 4.3 and integrated
as illustrated in Fig. 4.1. In this section, several functional tests are discussed to do
a preliminary validation of the RFID heart rate monitoring hardware.
The ECG signal was generated using HE Instruments TechPatient Cardio ECG
simulator [51]. This simulator is capable of generating ECG signals with heart rates
from 30BPM through 300BPM and amplitudes between 0.5mV and 4mV . The ECG
simulator was used to generate five discrete heart rates between 30BPM and 300BPM.
Each set of measurements was taken for a period of three minutes. The RFID reader
and the system were kept approximately three feet away from each other. The reader
was used to record the times at which a response from the tag was received. These
time-stamped data points were then analyzed to determine the heart rate. The range
of the system was analyzed by increasing the distance between the RFID reader and
the rest of the assembly. For all these tests, the reader setting was ‘MaxMiller’[54]
mode with ‘M4’ encoding which was the slower read rate setting discussed in Section
3.3.
4.4.1 Overall Power Consumption
Table 4.2: List of system components with current consumption of each block
Block Components Peak Current
ECG Amplifier
INA321(TI),
OPA336(TI)
145 µA
Beat Detection IC 555(CSS) 3 µA
RFID Tag Monza X-2k (Impinj) 18 µA
Total 166 µA
80
Table 4.2 lists the peak current consumed by each system block of the RFID
heart rate monitoring system. These current levels are for a 2.7 V system. With
these values, the peak power dissipation is 448 µW which is under the target of 500
µW . The main power consumption occurs in the ECG amplifier circuit and further
power reduction in this system will improve system range. It should be noted that
the RFID tag only consumes 20 µA of current for the 100 ms when the tag is turned
off. The power can further be reduced by operating the system at a lower voltage, as
the system can operate with a voltage as low as 1.8 V (30% reduction).
4.4.2 Heart Beat Detection
The amplified ECG signal for a 30 BPM wave is shown at the top of Fig. 4.14.
For a 30BPM signal, the ECG pulse appears every two seconds. The amplified ‘R’
wave triggers the timer causing it to turn the output high for about 100 ms. These
RFID control pulses can be seen in the middle plot of Fig. 4.14. To determine if the
system described in Section 4.2 can be used to calculate the heart rate reliably, the
time between successive tag reads is first calculated. It is expected to see a jump in
time for every heart beat detected. The time between successive tag reads for the
first five seconds is shown in the bottom of Fig. 4.14. Note that the ‘y-axis’ is time
between tag reads and the ‘x-axis’ remains time. It can be clearly seen that there is a
spike for every ECG pulse. Similar results were observed for other tested heart rates
as well.
4.4.3 Detection of Varying Heart Rates
Tests were run at varying heart rates between 30 and 300 BPM. Data for these
heart rates are summarized in Table 4.3. The second and the third columns in this
table list the total time for each measurement and the number of heart beats detected
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Figure 4.14: Heart beat detection for a 30BPM ECG signal: amplified ECG sig-
nal(top), microcontroller output to turn RFID on/off(middle), time between succes-
sive tag reads (bottom)
by the RFID system in that time, respectively. The third column, average heart rate,
is populated by dividing the number of beats in the third column by time in the
second column. The last column lists the standard deviation of beat-to-beat heart
rate measurement. The beat-to-beat heart rate is determined by measuring the time
between successive tag outages and using Eq. 3.1. The average heart rate calculated
for all measurements are accurate when sampled over three minutes. Heart rates are
always presented as an integer, but fractional values are included to compare accuracy.
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Table 4.3: Analysis of tag read measurements at several heart rates
HR(BPM) Time(min) Beats
Average HR
(BPM)
Beat-to-beat
std dev (BPM)
30 2.99 90 30.00 0.20
60 3.00 180 59.95 0.82
120 3.00 360 119.99 3.67
180 2.99 540 180.04 6.90
240 2.99 720 240.02 15.86
300 2.99 899 299.92 25.65
For 30BPM and 60BPM, the standard deviation of the beat-to-beat measurement is
less than 1, which means that for these heart rates one could simply measure the
time difference between successive tag outages and expect to get a very accurate
heart beat calculation. However, the standard deviation starts increasing steadily for
faster heart rates and some kind of averaging may be required.
Fig. 4.15 shows the distribution of calculated ‘R-R’ intervals for three different
heart rates. It is important to note that the accuracy of the tag timing measurements
do not get worse with increasing heart rate. However, the same error in measurement
has a larger significance for a higher heart rate. For example, a 50ms over-estimation
in a 30BPM measurement will cause an error of 2.5% while a 50ms overestimation
in a 300BPM measurement will cause the calculated heart rate to be lower by 20%.
The system error remains the same regardless of heart rate. This notion is supported
by the data in Table 4.3, where nearly 900 beats were detected in 3 minutes for
the 300BPM signal even though the standard deviation was significant. The read
error can be accounted for with read rates and the channel environment. As was
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Figure 4.15: Distribution of ‘R-R’ intervals for three different heart beat sets
discussed in, Section 3.2, the distribution of tag read times is a function of reader
settings. Hence, a faster read setting may be desirable for more accurate ‘R-R’ interval
calculations. For slower reader settings, like the one chosen in this example, averaging
might be necessary for faster heart rates. However, the three minute averaging window
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used in Table 4.3 is both impractical and excessive. Hence, the next logical step is
the determination of a minimum sampling time within which we can expect to get a
fairly accurate heart rate calculation.
4.4.4 Averaging to Improve Heart Rate Calculation
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Figure 4.16: Standard deviation in heart rate calculations over different sampling
windows
In Fig. 4.16, the mean and standard deviation of heart rate measurements over
sampling windows between one and ten seconds for 60, 120 and 240 BPM signals are
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plotted. Each window starts and ends with a detection of a beat. For the heart rate
calculation, a modified version of Eq. 3.1 is used as shown in Eq. 4.3. Here, Tsample
is the time of the window and ‘Beats’ represents the number of detected heart beats
in the window.
HeartRate =
60×Beats
Tsample
(4.3)
If a heart rate calculation accurate to within 1 BPM is required, a sampling window of
one second is enough for the 60 BPM signal. However, to achieve the same accuracy
for a 120 and 240 BPM signals, sampling times of 2 and 4 seconds respectively are
needed. The higher standard deviation with increasing BPM can be attributed to
the increasing significance of the same error margin as explained earlier. However,
one should note that the standard deviation for 120 BPM and 240BPM is smaller
than that observed in the beat-to-beat calculations shown in Table 4.3. This error
reduction is because of averaging over a larger number of beats in the same time. For
example, in a one second sample window, the 120BPM signal has two beats and the
240BPM has four beats. With a sampling window size of 4 seconds, all the measured
samples are within 1 BPM of the actual heart rate. A window size of 4 seconds would
thus be appropriate for the tested system setup.
4.4.5 Range Tests
The above measurements were taken with the reader approximately three feet
away from the tag. Next, the performance of the system was evaluated as the tag
was moved away from the reader. In Fig. 4.17, the standard deviation in heart rate
measurement for 60 and 120 BPM signals is shown when the tag is four, nine and
fourteen feet away from the reader. The amplifier and heart rate detection circuit
was powered externally as the power harvesting circuit did not provide uninterrupted
power beyond 6 feet. The sampling window for each measurement is set at four
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Figure 4.17: Standard deviation in measured heart rate with varying distance from
the reader
seconds as described in the previous section. For both the heart rate signals, the
standard deviation is very small for up to nine feet; though it is slightly higher for the
120BPM signal. At fourteen feet, the 60BPM and 120BPM signals have a standard
deviation of 2.8 and 2.3, respectively. This is mainly due to the fact that a large
number of tag reads are missed. The standard deviation for the 120 BPM setting is
lower in this case compared to the 60 BPM signal; as its higher number of samples
(twice as many) starts having a greater impact on the calculated average. In many
cases, the error measured by the system may be acceptable but if greater accuracy is
desired one can increase the sampling window size.
The assembled hardware showed that RFID tags can be turned off reliably for a
wide range of heart rates. The outages thus created can be monitored at the RFID
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reader to accurately calculate heart rate. However, averaging may be required in
some cases to improve accuracy.
4.5 System Size Reduction and Optimization
Section 4.4 discussed preliminary tests on the feasibility of an RFID based heart
rate monitoring system based on the method described in Section 4.3. The results
show that it is indeed possible to transmit heart rate information by simply turning an
RFID tag on and off. However, the system needs optimization on several fronts. The
size of the system needs to be reduced for integration with wearable platforms. As
shown in Fig. 4.18, the Powercast power harvester needs two external components; an
antenna and a storage capacitor. These external components need to be optimized
for size without significantly effecting performance. Besides the power harvester,
integrating all system components on a single printed circuit board will also allow for
further reduction in size. It was shown in Section 4.4.1 that ECG amplifier consumed
more than 85% of the system’s total power and thus, ways to optimize the amplifier
should be explored. This section discusses these optimizations.
Figure 4.18: Components of the power harvester
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4.5.1 Power Harvester Antenna
The size of the antenna is dependent on the wavelength of the transmitted or
received RF waves [14]. Since the RFID system described in this work is designed to
operate at 915 MHz, the wavelength is approximately 33 cm. The power harvester
antennas shown in Fig. 4.9 are patch and dipole types and both are about 16 cm long.
This length is about half of the wavelength and is a typical size for an antenna at
915 MHz. Reducing antenna size is possible but it comes at the cost of antenna gain
and efficiency. Chip antennas are now available for portable wireless applications and
they offer drastically reduced sizes with relatively limited loss of favorable antenna
parameters [15]. A comparison between some of these chip antennas is offered in the
next section.
4.5.1.1 Compact Chip Antennas
Table 4.4: Chip antenna comparison
Model Make BW(MHz) Gain(dB) Size(cm)
VJ5601M915MXBSR Vishay 835-995 1.73 4 × 4
M6207010 Ethertronics 902-928 2.56 8 × 1.8
PC91.07.0100A.db Taoglas 902-928 2.42 3.4 × 0.7
APAE915R2540ABDB1-T Abracon 912-918 4.5 3.5 × 3.5
Table 4.4 compares several chip antennas for use with the powercast power har-
vester device. The antennas are compared based on their bandwidth, gain and size.
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As per the EPC C1G2 protocol discussed in Section 3.1, the reader hops across fre-
quencies from 902 MHz through 928 MHz in 500 kHz steps. Thus, the power
harvester antenna has to satisfy this band. The antenna size listed here are approxi-
mate sizes that include the antenna chip and the necessary keepout area around the
chip.
Gain of the antenna should be as high as possible to maximize the system range.
An estimate of the desired antenna gain can be obtained from a modified form of
the Friis transmission equation (Eq. 4.2). Eq. 4.4 describes the relevant formula to
determine the receiver antenna gain where all variables are as described in Eq. 4.2.
Assuming 1 W of transmit power which is the maximum allowed value, 250 µW of
received power, 4 m of distance and 8.5 dBiC gain for the transmit antenna (from
[104]), the required receiver antenna gain is 2.13 dB.
Gr = (
Pr
PtGt
)× (4piR
λ
)2 (4.4)
With gain being the main consideration, the Abracon antenna is the most optimal
choice. It is smaller than all the considered antennas, except for the Taoglass antenna,
yet provides nearly twice the gain as the other antennas. It should be noted that the
bandwidth of the Abracon antenna does not span the entire range specified by the
C1G2 protocol. However, the bandwidths shown in the table are -10 dB bandwidths
which specify the range for which the antennas have a return loss of less than -10
dB. Thus, antennas do continue operating beyond the specified bandwidth but at a
lower efficiency. Additionally, unlike the RFID system, the power harvester does not
need to be fully operational in the entire range of the protocol frequency sweep. With
sufficiently high gain, the power harvester can harvest enough power to last the entire
duration of the sweep by operating in its fractional bandwidth. This harvested energy
can be stored in the power harvester capacitor to last for an entire frequency sweep
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cycle. Hence, the Abracon chip’s limited bandwidth may not be a problem. However,
due to the small bandwidth, correct tuning of the antenna is very important so that
it operates close to the center of the RFID band. Tuning involves tweaking antenna
geometry to achieve a desired antenna center frequency. The next two sections discuss
the challenges and the procedure for tuning the antenna.
4.5.1.2 Antenna Tuning: Challenges
Figure 4.19: Abracon APAE915R2540ABDB1-T chip patch antenna [1]
The Abracon APAE915R2540ABDB1-T [1] is a miniaturized patch antenna shown
in Fig. 4.19. The center frequency of such patch antennas can vary based on man-
ufacturing variations, ground plane sizes, surrounding circuitry and a host of other
factors. Hence, the antenna needs to be tuned for each system configuration to max-
imize gain and efficiency at the required frequency. The center frequency of patch
antennas can be changed by introducing slits in the metal patch [21, 22, 71]. Change
in center frequency based on the length of the slit in a patch antenna is shown in Fig.
4.20 [22]. It should be noted that there is no clear visible trend between slit length
and antenna center frequency. This is because, the center frequency depends on a
variety of parameters like substrate material properties, antenna geometry, position
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of slit etc. A detailed analysis of tuning antennas utilizing slits is presented in [23].
An analytical procedure to determine the exact slit size and position to achieve a de-
sired center frequency is complex. Hence, a simulation with a modeling software like
Ansys HFSS is preferred to get an intuition about tuning these antennas. However,
the material properties of the Abracon antenna are not known and they need to be
figured out before simulating the effect of slits. The next section discusses the process
of estimating material properties and studying the effect of slits on antenna center
frequency. After learning through simulations, the antenna design will be verified
using hardware.
Figure 4.20: Effect of varying slit lengths on antenna center frequency [22]
4.5.1.3 Antenna Tuning Procedure: Simulations
Most geometrical dimensions of the Abracon patch antenna are available on the
datasheet [1], while the rest can be measured directly from the antenna chip. Using
these dimensions, a model of the patch antenna was created in the HFSS software as
shown in Fig. 4.21. The metal patch and the ground plane were both assumed to be
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Figure 4.21: Patch antenna HFSS model
perfect electrical conductors. The substrate material property of relative permittivity
is unknown. A rough estimate of the permittivity is used to obtain an understanding
of slit effects on the center frequency of the Abracon patch antenna. To estimate
permittivity, the patch antenna was populated on a PCB and its untuned return loss
was measured using a network analyzer. The permittivity of the substrate in the
simulation was then varied till the response looked similar to the actual measured
return loss. The relative permittivity thus found was 55 F/m. Simulations are
performed to tune the antenna by trying different slits on the patch antenna.
The goal of this exercise is to tune the antenna return loss peak close to 915 MHz,
as this is the center frequency of the RFID band. Fig. 4.22 shows the steps involved
in successfully tuning the simulated antenna. It should be noted that these steps
were arrived at through trial and error after attempting a number of slit sizes and
positions. The slit width used was 0.5 mm as that was the smallest available drill
bit size to make slits experimentally. The change in center frequency as a 2 mm slit
and then a 4 mm slit is cut are shown in Fig. 4.23. The antenna without any slits
is centered outside the RFID band at about 938 MHz. As the slit is introduced and
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Figure 4.22: Patch antenna tuning steps
Figure 4.23: Center frequency change with slit length variation
then extended, the antenna is tuned closer to the desired frequency of 915 MHz.
However, the return loss does increase marginally as the antenna is tuned.
As it was observed in Fig. 4.20, there is no linear relationship between slit length
and frequency shift. Hence, when the slit length was increased from 2 mm to 3 mm
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Figure 4.24: Incorrect tuning steps
as shown in Fig. 4.24, the center frequency, increased slightly instead of decreasing.
Making the slit thicker also had the effect of increasing the center frequency. However,
in general, it was observed that making small gradual increases in slit lengths tended
to decrease center frequency while making wider slits increased the frequency. Finally,
it should be noted that there is more than one way to tune the antenna to a desired
frequency. For example, Fig. 4.26 shows another configuration where the antenna
is tuned to 915 MHz with two slits and the corners chamfered to 1.6 mm instead
of the original 1 mm. With these intuitions, practical hardware tuning of the patch
antenna can be attempted.
4.5.1.4 Antenna Tuning Procedure: Hardware
The Abracon patch antenna was populated on a FR4 board of 45 mm × 45 mm
size. The center frequency of the antenna was determined using a network analyzer.
A drill press with a 0.5 mm drill bit was used to create tuning slits in the antenna.
Initially, the center frequency of the antenna was approximately 935 MHz. An
iterative process of making slits in the antenna using the drill press and recording its
center frequency was followed. The slit size was progressively increased till a center
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Figure 4.25: Center frequency change due to incorrect tuning steps
Figure 4.26: Alternate final tuning geometry
frequency of about 917 MHz was obtained at about 3 mm. The shift in center
frequency with increasing slit size steps can be seen in Fig. 4.27. The tuned antenna
is shown in Fig. 4.28 with the slit circled.
The performance of the tuned antenna was then compared to reference antennas
from the Powercast evaluation kit [100]. The Powercast kit consists of a dipole an-
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Figure 4.27: Center frequency change with antenna slit changes
Figure 4.28: Tuned patch antenna
tenna and another patch antenna. The three antennas are shown in Fig. 4.29. The
final Abracon patch antenna represents a significant size reduction. The reference
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Figure 4.29: Size comparison of the tested antennas
antennas and the designed patch antenna were connected to the Powercast evalua-
tion board which has an onboard LED to act as a load. The current passing through
the LED is proportional to the power received from the antenna. Hence, this cur-
rent was measured for each antenna while the setup (shown in Fig. 4.30) was placed
at several distances from an RF transmitter. The results of this test are shown in
Table 4.5. The reference patch antenna which has a gain of about 6 dB performs
the best. However, the designed patch antenna is comparable to the reference dipole
antenna, albeit with a considerably smaller size. The designed patch thus has a lower
range when compared to the reference patch due to the significantly smaller aperture
size but it can still be used to harvest power at reasonable distances from the RFID
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reader.
Figure 4.30: Setup for comparison of designed patch antenna with reference powercast
antennas
The power harvesting antenna is the largest component of the RFID heart rate
monitoring system. The above exercise allows for size reduction with a small impact
on performance. The reduction in antenna size as described above is a significant
step in making the system wearable.
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Table 4.5: Comparison of designed patch antenna with reference powercast antennas
Powercast Patch Powercast Dipole Tuned Patch
Dimensions (cms)
17.8 × 5 16.5 × 2 4.5 × 4.5
Distance (ft) Current (µA)
1 2490 1720 1550
2 1060 506 484
3 521 220 163
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4.5.2 Power Harvester Capacitor
The power harvester capacitor serves the purpose of providing uninterrupted DC
supply in the event of momentary changes in received RF power strength due to
frequency hopping or other environmental reasons. The larger the capacitor value, the
higher the charge stored to compensate for received power variations. However, larger
capacitance values tend to be larger in size which opposes the design goal of reducing
overall system footprint. The value of the capacitance can be determined using Eq.
4.5, where C is the capacitance value, VDC is the desired rail voltage, Iload is the
expected average load voltage and tcut−off is the desired time for which the capacitor
should continue supplying power after the RF power source has been turned off [100].
As per this equation, for nominal values of 2.7 V , 75 µA and 5 s respectively, a
capacitor size of roughly 15 mF is required. An additional consideration is the power
loss in a capacitor due to its equivalent series resistance or ESR. To minimize these
losses, capacitors with very low ESR are desired and Powercast recommends a series
resistance of less than 200 mΩ [100]. In summary, the chosen capacitor needs to have
a small footprint, low ESR and a capacitance value in the millifarad range.
C = 15× VDC × Iload × tcut−off (4.5)
4.5.2.1 Capacitor selection and testing
Three super-capacitors that meet the above requirements were selected for test-
ing. Two of the capacitors were sampled from Seiko (CPX- 3225A752 and 10080C104)
while an additional capacitor was sampled from Kemet (T495D477M006ATE045).The
sizes and capacitance of these components are summarized in Table 4.6. To compare
these capacitors, a test board was designed and populated with the capacitors and the
powercast power harvester. This board is shown in Fig. 4.31. The power harvester
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Figure 4.31: Board for testing compact supercapacitors (labels in Table 4.6
was set for an output voltage of 2.7 V and a load current of about 100 µA. Each
capacitor was connected to the Powercast one at a time to gauge their performance.
The start-up time was first measured by turning an external RF field on and mea-
suring the time required for the set DC voltage to appear at the Powercast output.
Next, the cutoff time was measured by turning the RF field off and measuring the
time for which the Powercast continues to supply power to the load. The RF field
was left on for 30 s every time before being turned off for measuring the cut-off time.
Table 4.6: Power harvester capacitor comparison
Model Label
Capacitance
(mF )
Size(mm)
Start
time (s)
Cut-off
time (s)
T495D477M006ATE045 a. 0.47 7.3 × 4.3 2.6 2.8
CPX3225A752D b. 7.5 3.2 × 2.5 2.7 14.4
CPX10080C104F c. 100 10 × 8 2.7 29.1
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The results of the above test are shown in Table 4.6. The table also shows the
capacitance value of each capacitor. The start-up time for all the capacitors is compa-
rable which suggests that the overall system start-up time depends on the Powercast
device itself and not so much on the capacitor for these capacitance values. The
cut-off time however, differentiates these capacitors. As expected, higher capacitance
values produce higher cut-off times. CPX10080C104F has the highest capacitance of
100 mF and also the highest cut-off time of 29 s. CPX3225A752D on the other hand
has a capacitance of 7.5 mF but the cut-off time is only halved when compared to
CPX10080C104F. Additionally, CPX3225A752D is also the smallest of all capacitors.
Therefore, this capacitor was chosen for the system.
4.5.3 ECG Amplifier Optimization
As was discussed in Section 4.4.1, the ECG amplifier circuit consumes the highest
amount of power in the system. Reducing the power consumption of this block could
help in improving the system’s overall range. Additionally, all system components
need to be integrated on a single board to approach a more final design. Fig. 4.32
shows this optimized and integrated schematic. This schematic will be discussed in
the next two sections.
4.5.3.1 ECG Amplifier Power Reduction
The first step towards power reduction was taken by increasing the resistor (R11
and R12) values for the voltage divider to 500 kΩ each as compared to 20 kΩ earlier.
This change, results in the current drawn by the divider to reduce by a factor of 25.
However, such high resistor values could be loaded due to the input impedance of the
circuits that are connected to the divider. Hence an opamp buffer is added to provide
a stable voltage source.
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Figure 4.32: Integrated schematic optimized for power consumption
Another power saving change was to replace all OPA336 opamps with TS1001
opamps [107]. These opamps have a supply current of only 0.6 µA, compared to the
20 µA of the OPA336 opamps. This change almost eliminates the currents consumed
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by the opamps. Hence, the main remaining power consuming source in the ECG
amplifier circuit is now the INA321 instrumentation amplifier.
With these changes, the overall current consumption of the amplifier circuit is
reduced from 145 µA to only 44.5 µA.
4.5.3.2 Integrated Heart Rate Monitor Board
Figure 4.33: Layout for the circuit optimized for power consumption
The three system blocks; the power harvester, the ECG amplifier and the heart
rate detection circuit have all been integrated into a single circuit board. This inte-
grated schematic is shown in Fig. 4.32. Additional, minor changes were made to the
original circuit as presented earlier. For example, the resistor R15 has been added as
a potentiometer so as to provide variable gain for the ECG amplifier output. Resistor
R4 has been added to adjust the DC voltage output of the powercast system to 2.7
V . The layout for this schematic is shown in Fig. 4.33.
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4.5.4 Final Circuit Design and Layout
Figure 4.34: Final system schematic
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Even though the circuit presented in the previous section is integrated and opti-
mized for power, it is not optimized for size. Size optimization was left out so as to
provide adequate testpoints and flexibility for making changes for the test board. A
schematic which further reduces the footprint by integrating all three opamps into
a single package (MCP6044 [85]) with a similar power consumption is shown in Fig.
4.34. The layout for the system is shown in Fig. 4.35 and the final system size is only
1” × 1”. The layout for this circuit is included in Appendix D.
Figure 4.35: Final system layout
The integrated heart rate monitoring system (without the RFID tag) is shown in
Fig. 4.36. The glowing green LED in the figure indicates that the system is drawing
power wirelessly using the designed patch antenna.
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Figure 4.36: Final integrated RFID heart rate monitoring system
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4.6 Conclusions
Table 4.7: System Specifications
Electrodes 2
Antennas 2
Heart Rate Monitor Size 2.54 cm× 2.54 cm
Monitor Power Consumption 127 µW
Power Harvester Antenna Size 4.5 cm× 4.5 cm
Power cut-off time 15 sec
RFID Tag Monza X2k Dura
System Range 6 ft
The final system specifications are listed in Table 4.7. The total power consump-
tion of 127 µW does not include about 50 µW of power that is consumed every time
the RFID tag turns off. The focus of the design was the ECG amplifier and the heart
rate detection circuit. The power harvesting antenna and the RFID tag are external
and can be altered if desired.
In this chapter, a hardware realization of the RFID based heart rate monitoring
system was presented. The discussion included design of a low power ECG amplifier
with under 45 µA of current consumption. An innovative approach for heart beat
detection was demonstrated using IC555. A commercial power harvester design was
completed by selecting a low footprint power harvester and an antenna. A detailed
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discussion on antenna tuning was also presented. A commercial RFID tag was re-
purposed to transmit heart rate information by turning it on and off without any
additional components. Finally, the entire system was integrated into a compact
printed circuit board measuring a size of 1” × 1” in addition to an external antenna
and an RFID tag.
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5. Algorithm for Heart Beat Detection Improvement in Noisy
Environments
The RFID heart rate monitoring system described so far can be expected to per-
form well in noise free environments, that is, without significant channel interference
and at short distances from the RFID reader. However, for practical applications,
the environment may not be not ideal. In this chapter, a logistic regression model is
implemented to improve heart beat detection from RFID data for the RFID on/off
system in noisy environments.
5.1 Effect of Additional Tags
Figure 5.1: Reader and Tag positions for tests involving an additional dummy tag
It is possible that there might be more than one RFID tag in the environment and
system behavior in the presence of an additional tag is of interest. To test performance
in a situation like this, the sensor tag and a dummy tag were placed about one and
a half feet from each other and the reader was kept at a distance of about 3 feet
from them. In position 1, the reader is kept at the center of the two tags such that
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about 53% of the reader measurements are from the sensor tag. For position 2, the
reader is slightly closer to the sensor tag such that about 64% of the measurements
are from the sensor tag. The reader setting was Maxmiller mode with ‘M4’ encoding
[54]. It should be noted that the reader setting plays a critical role in the observed
time between tag reads and thus on the effect played by the additional tag.
Table 5.1 shows 60BPM and 120BPM ECG signal measurements for the two
mentioned positions. This table lists the average heart rate and standard deviation
calculated over a four second sampling window, and also presents the percentage of
false beats detected in the measurement. Three minutes of data was collected for
each setting. It is evident that the performance suffers slightly due to the presence
of an additional tag. As the reader spends time in reading the dummy tag, the time
between measurements of the sensor tag increases thereby creating a larger variation
in the time between successive beats detected. It is also possible that the reader may
not read the sensor tag for a duration longer than 100ms in which case the system
would assume it to be a detected heart beat. It is the detection of these false beats
that cause the over estimation of the average calculated heart rate in Table 5.1. Even
so, in spite of the presence of an additional tag, the system is able to calculate the
heart rate relatively well for the tested setups.
Table 5.1: Heart rate measurements in the presence of two tags. Position 1: Reader
placed in center of two tags. Position 2: Reader placed closer to the sensor tag
Position 60 BPM 120 BPM
HR(BPM) Std Dev
False
Beats
HR(BPM) Std Dev
False
Beats
1 61.66 4.43 3.33% 122.12 5.33 1.39%
2 60.37 0.92 0% 120.1 2.4 0.5%
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5.2 Need for Beat Detection Improvement
As was seen in the above section, false outages may start appearing when ad-
ditional tags are placed close to the sensor. Such outages can be created due to
multipath effects, poor signal strength, and noise induced triggering of the heart rate
detection circuit. Based on a given scenario, there could be a lot more false outages
than observed in Section 5.1. It is difficult to distinguish between a real heart beat
and a false outage as the tag data is similar in both cases. Conversely, the heart rate
detection circuit may sometimes miss a heart beat due to spurious noise in the circuit.
In the presence of false or missing outages, the calculated heart rate will be incorrect.
Thus, an algorithm to correctly determine real and missed heart beats could help to
make this RFID system more reliable in noisy environments.
Time-domain methods that essentially find average heart rates over several seconds
can only help to overcome problems posed by poor data quality to a certain extent.
Additionally, averaging removes beat-to-beat interval variation which may be critical
for health monitoring (to be discussed in Section 6.1.1). Hence, a method to identify
individual heart beats more accurately from RFID data is required. Machine learning
algorithms have been successfully employed for improving accuracy of other heart rate
monitoring systems [26, 93]. However, these algorithms relied on conventional ECG
data and the challenges posed by heart rate data in our RFID on/off system are very
different. Hence, an algorithm that is suited for the RFID on/off system needs to be
developed.
5.3 Beat Detection Algorithm
The objective of the beat detection algorithm is to accurately determine heart-
beats by identifying unintentional outages. A secondary objective is to eliminate the
need for averaging so as to retain beat to beat variability information. A supervised
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Figure 5.2: Algorithm for probabilistic heart beat classification from RFID data
learning algorithm based on logistic regression [52] is proposed to achieve these goals.
The proposed algorithm utilizes the probabilities obtained from a logistic regression
model to estimate the likelihood of an outage indicating a real heart beat. The entire
process is summarized in Fig. 5.2 and will be explained in the remainder of this sec-
tion. The process will include model training, beat detection and beat confirmation.
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Figure 5.3: Iterative steps taken for logistic regression model training
5.3.1 Model Training
The goal for model training is to obtain parameters (θ) that fit RFID on/off data
so that when unknown data is presented it can be accurately classified as a beat or a
non-beat. The steps taken to obtain these parameters are illustrated in Fig. 5.3. The
time between successive sensor RFID tag reads is the primary feature (input) used in
the model. For data points that are not heart beats, this time is usually much lower
than the predetermined duration of the RFID outage. However, the time between
tag reads for false outages could be much higher or comparable to the predetermined
RFID outage duration. Hence, a binary decision tree cannot be used to separate the
real beats from non-beats and false outages. Therefore, polynomial features of time
between tag reads are used as inputs to the model. Each feature data point has an
associated state; all real beats are assigned as ‘1’ and all non-beats (including false
outages) are assigned ‘0’.
The probability of a given tag outage being an actual heart beat is given by
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the logistic function in Eq. 5.1. Here ‘hθ(xi)’ is the probability that a data point
represents a beat (1) or not a beat (0), ‘xi’ represents the training data feature with
index ‘i’ and ‘θ’ represents the parameters of the model.
hθ(xi) =
1
1 + e−θxi
(5.1)
Before training, the parameters ‘θ’ for the fit are unknown. To obtain these
parameters, they are first assumed to be ‘0’ and the error with this assumption is
calculated using Eq. 5.2, where ‘m’ is the number of training samples with index
‘i’, and ‘y’ is the actual state of the output (1 for beats and 0 otherwise). The first
term in this equation accounts for the error in determining beats and the second term
represents the error in determining non-beats. Once the error due to the choice of
θ is determined, a new assumption for the parameter is made using Eq. 5.3 where
‘α’ is a scaling factor that adjusts the step sizes for new values of θ. The process of
finding the error and new parameters is continued until the value of θ converges and
that value is chosen as the parameter for the model.
E(θ) =
−1
m
m∑
i=1
[yilog(hθ(xi)) + (i− yi)log(1− hθ(xi)] (5.2)
θnew = θ − α∂E(θ)
∂θ
(5.3)
The model training needs to be done before the algorithm can be applied to
eliminate false outages. The training can be done on any annotated heart rate data
set, regardless of the actual heart rate value. Training data length should be long
enough to adequately represent the appearance of false outages for a given RFID
channel. About 60 seconds of data is typically enough.
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Figure 5.4: Classification of tag data points based on probability of being a heart
beat
5.3.2 Beat Detection
The parameters obtained from model training are verified by inserting the test
data features into Eq. 5.1. This operation yields the probability of each test data
point being a heart beat. Fig. 5.4 shows how tag data are classified into three
categories; heart beats, non-beats and ambiguous data, based on the probabilities
obtained from the model. Tag data that have a probability of less than 0.1 of being
an actual beat are classified as non-beats. Data points that have a greater than 0.8
probability of being a real beat are directly classified as beats. Very few tag data
points have intermediate probabilities and they could represent real beats or false
outages. To correctly classify these ambiguous beats, a linear regression analysis is
done using the previous two accurately determined beats. If the ambiguous data
point follows the linear trend with a margin of 20%, it is classified as a heart beat.
This margin is sufficient to account for typical heart rate variability for humans [90].
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Table 5.2: Time between successive detected beats: An example of a missed beat
T1−2 T2−3 T3−4 T4−5 T5−6
0.99 1.02 0.98 2.01 0.99
5.3.3 Beat Interval Improvement
Heart beats can sometimes be missed due to a hardware glitch, noisy environment
or incorrect classification from the above algorithm. One such example for a 60BPM
heart rate signal is shown in Table 5.2 where the time between successive detected
beats is shown in seconds. Here, the time between the fourth and fifth beat (T4−5)
is twice as long as the previous three samples, which most likely indicates a missed
beat. When this case is identified, a beat is inserted using the arithmetic mean of the
previous two beats. It should be noted that the beat insertion is only done when an
approximately 50% jump is noticed in time between tag reads. This feature should
be disabled if a person is being monitored for heart conditions where missed beats
occur naturally.
5.4 Data Collection and Algorithm Testing
To verify the algorithm, data was collected using a commercial ECG simulator
(HE Instruments’ Tech-Patient Cardio ECG Simulator) as a source for the heart
rate signal. The ECG simulator was used to generate three discrete heart rates;
45BPM, 60BPM and 120BPM with 0% variability. The simulated ECG signal was
fed into the RFID heart rate monitoring system described in Chapter 4. The RFID
outage duration for detected ‘R’ waves was set to be about 110 ms. RFID data
was recorded by an RFID reader (Impinj Speedway Revolution R420 UHF Reader).
The RFID reader and the tag with the heart rate detection system were placed six
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feet away from each other. If an additional RFID tag is close to the heart rate tag,
it could interfere with the heart rate tag’s radiation, resulting in poor data quality.
Thus, a noisy environment was simulated by placing an additional RFID tag five
centimeters away from the sensor tag. However, poor data quality is a mixture of
effect of additional tags and the ambient RFID channel. Hence, the setup had to
be moved to different locations in the room till the ambient conditions produced
significant false outages. For each set of heart rate measurements, at least 7000
individual tag reads were processed and the time between successive responses from
the sensor tag was calculated. The reader setting used was ‘MaxMiller’ [54] mode
with ‘M4’ encoding.
5.5 Results and Analysis
In this section, the effectiveness of the algorithm in improving beat interval de-
termination is discussed. An example of the algorithm implementation through elim-
ination of false outages is first shown. Then, beat classification accuracy for three
different heart rate settings with the algorithm is demonstrated.
5.5.1 Beat Detection Improvement with the Algorithm
Fig. 5.5 demonstrates how the algorithm described in Section 5.3 works to improve
the beat detection from RFID data. In this figure, the time from the previous reading
of the sensor tag is on the y-axis and the x-axis displays the measurement time. On
the graphs, the circles indicate the actual heart beats and crosses indicate the heart
beats detected by the algorithm at that stage.
As stated in Section 5.4, the RFID tag is turned off for a period 110ms every
time a heart beat is detected. Thus, setting a threshold at 110ms for time between
successive tag reads should detect all transmitted heart beats. Therefore, in Fig. 5.5,
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Figure 5.5: Comparison of real and detected beats: A)Setting a threshold at 110ms;
B)After applying logistic regression and identifying high probability beats; C) After
classifying low probability beats
the ‘y-axis’ starts at 100 ms so that the continuous tag reads are below this level. This
scenario is presented in Fig. 5.5 A. Here, while all actual heart beats are detected
(crosses inside circles), there are several false positives as well(standalone crosses).
The algorithm is expected to identify and filter out these false positives.
The first 60 seconds of 60BPM heart rate data (about 7000 tag reads) is used
to train the model. Fig. 5.5 B shows the result after the high probability beats are
detected using the trained model. This step achieves two goals; it identifies beats on
which the algorithm has a high level of confidence and subjects the ambiguous data
points to further scrutiny. The true beats and the ambiguous data are cycled through
regression analysis as described in Section 5.3.2. The result of this process is shown
in Fig. 5.5 C. Here, all but two of the actual beats are correctly identified, the first
of which was the second beat of the data set and did not have two previous beats
for comparison. Such missed beats are accounted for with the process described in
Section 5.3.3. It should be noted that the entire process only depends on past data
and thus heart beat detection can be done in real-time.
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Table 5.3: Heart beat detection and heart rate calculation improvement due to the
algorithm
HR F1 Score Mean HR (BPM)
(BPM)
No
Algorithm
With
Algorithm
No
Algorithm
Error
With
Algorithm
Error
45 0.86 0.97 79.76 77.2% 45.04 0.09%
60 0.81 0.98 105.75 76.3% 59.97 0.05%
120 0.91 0.98 144.94 20.8% 120.2 0.17%
Table 5.3 compares the performance of the algorithm with the case where beats
are detected by setting a fixed threshold. The F1-score, as described in Eq. 5.4, is
typically used to analyze the accuracy of data classification. Here, ‘Precision’ is the
fraction of detected beats that are real and ‘Recall’ is the fraction of actual beats
that are detected [101]. Thus an F1 score of 1 represents a case where there are no
false positives or false negatives. The algorithm provides an improvement in detected
heart beats over the threshold method for all heart rates tested. The F1 score of the
120 BPM data without the algorithm is comparatively higher than others in the same
column. The 120BPM signal has twice as many heart beats as the 60 BPM signal in
the same period; this higher number of actual heart beats improves the fraction of
actual beats detected resulting in a higher F1 score.
F1score =
2× Precision×Recall
Precision+Recall
(5.4)
Therefore, it can be said that the algorithm works to correctly classify the outages
representing heart beats and eliminate false outages.
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Figure 5.6: Calculated heart rate with and without using the algorithm for a sample
of the 120BPM input
5.5.2 Heart Rate Calculation Improvement with the Algorithm
The calculated heart rate for a 120BPM input signal with and without the algo-
rithm are compared in Fig. 5.6. Without the algorithm, the heart rate is unstable and
most of the error is due to false beats. These additional beats reduce time between
detected beats causing a spike in the calculated heart rate. There are also sudden
drops in calculated heart rate for the graph without the algorithm. Here, the missed
beats are not accounted for and this leads to a longer duration between detected heart
beats thereby causing a lower calculated heart rate.
As can be seen in Fig. 5.6, large time jumps are absent for heart rate with the
algorithm. As per Table 5.3, without the algorithm, the calculated heart rate is
overestimated by as much as 77%. This is mainly because of false outages which
cause spurious spikes in calculated heart rate. The proposed algorithm successfully
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filters out these false outages to arrive at an accurate heart rate calculation.
5.6 Conclusions
The heart beat detection algorithm described above has several salient features.
Firstly, training is not specific to a specific heart rate range. Once the parameters
are extracted for a given protocol setting and outage duration, it can be run for any
user in the same environment. The algorithm has the ability to account for errors
arising from several sources including hardware glitches, reduced signal strength and
presence of multiple tags in a close range. By removing the need for averaging, the
algorithm allows for monitoring of heart rate variability. Finally, the algorithm paves
the way for applications that allow for the use of multiple RFID tags for different
applications at the same time in close vicinity of each other.
The RFID channel depends a lot on the reader settings. The effect of reader
settings was shown in Fig. 3.7 where the number of tags read per second varied
widely based on the reader settings deployed. Thus it should be noted that this
algorithm may not always be required and the effects of noisy environments may be
mitigated by using a more appropriate reader setting. However, for situations when
there is an excess of false outages due to noise, this algorithm may be helpful.
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6. System Enhancements and Applications
In Chapter 4, the hardware implementation of a wireless and battery-free RFID
based heart rate monitor was discussed. This current chapter focuses on applications
of that system, as well as further analysis for system improvement. Detection of
typical heart rate variability and certain heart conditions are first discussed. An
infant heart rate monitoring system is then described. Human heart rate data from
the RFID heart rate monitoring system is collected and analyzed. Finally, uterine
contraction monitoring with the RFID on/off system is further examined.
For all empirical tests conducted in this chapter, the Dense Reader mode [54]
setting was used on the RFID reader as this setting was found to be very resilient
to effects of additional tags at short distances while improving the tag read rate. A
slower reader setting may be used for higher distances at the cost of data resolution.
6.1 Detection of ECG Variations
So far, the heart rate system analysis, has been initiated with a stable ECG signal
from the simulator. In reality, the ECG signal varies, not only in terms of rate but
also in terms of its shape and amplitude. Some of these rate variations signal health
in a human, while others can signal dangerous situations. In either case, a cardiac
monitor needs to determine the heart rate and its variability accurately to be viable
in practical situations. In this section, heart rate monitoring in the presence of these
variations is discussed.
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Figure 6.1: An example of heart rate variability with time differences between suc-
cessive beats shown (units:ms)[2]
6.1.1 Heart Rate Variability
The time between successive heart beats is never constant regardless of how stable
a person’s heart rate. A typical example of time variation between ‘R’ waves [2] is
shown in Fig. 6.1. Here, both the time between successive beats and the actual
variation in these times are shown. Such natural variation in beat-to-beat or ‘R-R’
intervals is called heart rate variability (HRV).
While normal HRV is considered healthy, reduced HRV may be associated with
deeper cardiac problems and a higher mortality risk even in the absence of other
symptoms [2]. Hence, continuous monitoring of HRV is essential for identifying pos-
sible heart risks. Averaging over a few seconds (as shown in Section 4.4.4) removes
the beat-to-beat variability information. Hence, averaging can only be used when
long term trends heart rate are to be known. Accurate determination of ‘R-R’ is
imperative to enable heart rate variability analysis. Some tests were thus done to
ascertain the system’s capability to monitor beat-to-beat variability in heart rate.
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6.1.1.1 Test Setup and Data Collection
The system was placed about 3 feet from the RFID reader antenna. The ECG
simulator was used to generate two different heart rates; 70 BPM and 110 BPM. For
each heart rate, the variation of interval between ‘R’ waves was changed from 0% to
10% and then 20%. The output of the ECG amplifier was collected using National
Instruments myDAQ to act as a reference. Actual ‘R-R’ intervals were calculated
directly from the ECG signal which was sampled at 200 Hz. These intervals were
compared with the intervals determined from the RFID on/off system. About 2
minutes of data was collected for each data set. The MATLAB script used to process
and analyze this data is shown in Appendix B
6.1.1.2 Beat-to-Beat Variability Analysis
A comparison between actual and calculated ‘R-R’ intervals for the source 70
BPM signal is shown in Fig. 6.2. In the top plot, the source variation in ‘R-R’
intervals is set to be zero. As expected, the RFID calculated intervals closely match
the actual ones. The slight variations can be explained due to the variations in tag
read times. The middle plot shows the result when the ‘R-R’ varied from the mean by
about 10%. Even in this case, the RFID results match the actual intervals. Similar
results are seen for 20% variations as well. The data for these tests are summarized
in Table 6.1. For each case the mean and standard deviation of the calculated ‘R-R’
intervals are exactly the same for the actual data and the RFID results. The mean
error and the standard deviation of the error are both very small. In fact, most of
the RFID ‘R-R’ intervals can be expected to be within 6 ms of the actual intervals.
The correlation between the source and RFID intervals is shown in Fig. 6.3. The
correlation coefficient [67] was calculated to be 0.9988 with a 95% confidence.
The heart rates calculated for the beat-intervals shown in Fig. 6.2 are shown in
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Figure 6.2: Comparison of actual and RFID R-R intervals for heart rate around 70
BPM with R-R variation: No variation (top), 10% variation (middle), 20% variation
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Table 6.1: R-R interval determination accuracy for heart around 70 BPM
Parameter R-R Variation
— 0% 10% 20 %
Mean R-R(s) 0.856 0.858 0.813
STD R-R(s) 0.002 0.078 0.169
RFID mean R-R(s) 0.856 0.857 0.813
RFID STD R-R (s) 0.005 0.078 0.169
Mean error (s) -9.66× 10−5 -1.41× 10−4 -7.6× 10−5
STD Err (s) 0.005 0.006 0.006
Figure 6.3: Correlation between actual and RFID determined R-R intervals for heart
rate around 70 BPM
Fig. 6.4. The comparison between the actual and RFID calculated ‘R-R’ intervals
for 20% variation in the 110 BPM source signal are shown in Fig. 6.5. The data for
the 110 BPM tests are summarized in Table 6.2. The correlation coefficient between
128
the actual and RFID data was calculated to be 0.9973.
Table 6.2: R-R interval determination accuracy for heart around 110 BPM
Parameter R-R Variation
— 0% 10% 20 %
Mean R-R(s) 0.544 0.547 0.537
STD R-R(s) 0.002 0.057 0.125
RFID mean R-R(s) 0.544 0.547 0.536
RFID STD R-R (s) 0.006 0.057 0.125
Mean error (s) -1.03× 10−4 -1.06× 10−4 -5.88× 10−5
STD Err (s) 0.006 0.006 0.006
6.1.2 Arrythmia Detection
As discussed in Section 2.1.2.1, an arrythmia is a change from the normal sequence
of ECG activity. Unlike the normal heart rate variability described in the previous
section, arrhythmia can manifest as a sudden appearance or absence of beats or even
drastic change in heart rate (rate arrythmias) or sudden changes in the regular shape
of the ECG wave (shape arrythmias). Only rate arrythmias can be detected using
the RFID on/off system as by relying on ‘R’ wave detection alone, shape information
of the ECG signal is lost. In this section, some examples of rate arrythmia detection
are discussed.
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Figure 6.4: Comparison of actual and RFID heart rate for heart rate around 70 BPM
with R-R variation: No variation (top), 10% variation (middle), 20% variation
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Figure 6.5: Comparison of actual and RFID R-R intervals for heart rate around 110
BPM with 20% R-R variation
6.1.2.1 Bradycardia and Tachycardia
The simplest forms of rate arrythmias are bradycardia and tachycardia. A sus-
tained heart rate of less than 60 BPM in adults is classified as bradycardia whereas
a sustained heart rate of over 100 BPM is called tachycardia [13]. Detection of these
conditions is possible using the RFID on/off system. These conditions were simu-
lated using the setup described in Section 6.1.1.1. The heart rate on the simulator
was varied from 75 BPM to 45 BPM for bradycardia and from 75 BPM to 140 BPM
for tachycardia. The results of these tests are shown in Figs. 6.6 and 6.7. In both
cases, the RFID output closely followed the actual simulator generated heart rate.
6.1.2.2 Premature Contractions
Premature ventricular or atrial contractions could trigger another ‘R’ wave while
interrupting the normal sinus rhythm. The bigeminy condition showed in Fig. 2.3,
where heart beats appear in pairs, is caused due to premature contractions. Con-
siderable research has been conducted to identify premature contractions from ECG
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Figure 6.6: Bradycardia detection
Figure 6.7: Tachycardia detection
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signals using classification algorithms [40, 57, 89]. These algorithms use shape and
timing features of ECG waves to detect premature cardiac contractions. The current
work can only provide timing intervals between ‘R’ waves and no other shape features
of the source ECG signal. Hence, the RFID on/off method in its current form is in-
adequate to detect premature heart contractions with absolute certainty. However,
for most methods in literature, sudden irregularities in the timing of ‘R-R’ intervals
are used as a prominent feature in identifying premature cardiac contractions. Thus,
the RFID on/off method can be used as a basis for further detailed investigations.
However, it is important to ascertain that the outage durations are short enough so
that the sudden occurrence of such premature contractions are indeed detected by
the RFID on/off system and not lost in the previous RFID outage.
Premature ventricular contractions (PVC) were simulated using the Laerdal Sim-
Baby infant patient simulator (described in detail in the upcoming Section 6.2) which
is capable of generating ECG signals with many cardiac conditions in addition to other
infant health problems. The RFID system was connected to the ECG outputs of the
simulator. The simulator was programmed to create PVCs The timing between the
regular and premature contraction varies and is controlled by the simulator. The user
is allowed to control the general heart rate and the frequency of occurrence of PVCs.
The typical heart rate for the test was chosen to be 60BPM with a higher than 90%
occurrence of PVCs. The amplified ECG of the simulator output is shown in Fig. 6.8
(top), note that the ECG waves are inverted such that the ‘R’ wave peaks towards 0
V . PVCs can be seen adjacent to four of the regular sinus beats. The corresponding
time between RFID tag reads is shown in the bottom of Fig. 6.8. An RFID outage
can be clearly seen for each ECG spike, whether it is a regular beat or a PVC.
The ‘R-R’ intervals for the premature contraction test described above for over
one minute of monitoring is shown in Fig. 6.9. The ‘R-R’ interval largely oscillates
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Figure 6.8: Detection of premature venticular contractions
between a low and a high value. The low value corresponds to a PVC and the higher
value corresponds to regular sinus rhythms. There are three instances (around 20s,
34s and 48s) where the ‘R-R’ interval is relatively flat; these instances represent
consecutive sinus beats without PVCs. The RFID calculated ‘R-R’ intervals follow
the actual intervals closely, except for one instance close to about 45s. The RFID
‘R-R’ interval there is reduced because of a false triggering of the heart rate detection
circuit caused by a noise spike. This spurious spike is shown in Fig. 6.10 with
a black circle. The spike was caused due to the starting of a compressor close to
the measurement setup. The system is, thus, not immune from such ambient noise
sources.
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Figure 6.9: R-R intervals with premature ventricular contractions
Figure 6.10: False trigger source for ‘R’ wave detection
6.1.3 Baseband Wander
An ECG wave typically wanders around a baseline and is not always stable. This
wandering may be caused due to impedance changes in the electrode or slight move-
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ments of the torso due to respiration. The frequency of this wander is usually below
0.5 Hz. [38]. An example of such wandering is shown in Fig. 6.11. This example was
generated using the Tech Patient Cardio ECG simulator which has the capability of
generating ECG waves that mimic the typical baseband wander in ECG signals.
Figure 6.11: ECG baseline wander
If the baseband were to reduce drastically, it could potentially cause a reduction
in the ‘R’ wave voltage such that it is not detected by the heart beat detection circuit.
On the other hand, if the baseband were to rise, it could cause false triggering due to
the detection of ‘P’ waves. The ECG amplifier discussed in Section 4.3 is expected
to mitigate these issues caused by baseband wander due to filtering and biasing of
inputs. The RFID heart rate monitoring output in the presence of baseline wander
is compared to the actual heart rate in Fig. 6.12. For this figure, 5% variations in
‘R-R’ intervals around 75 BPM in addition to baseline wander in the source ECG
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signal are used. Here again, the RFID output matches the actual signal very closely
and the correlation coefficient was calculated to be 0.9943.
Figure 6.12: Comparison of actual and RFID detected R-R intervals in the presence
of baseline wander
It can be concluded that teh RFID on/off system is capable of detecting typical
beat-to-beat heart rate variability. Common rate arrythmias can also be detected
using the system. The system is resilient in the presence of baseband wander.
6.2 Infant Cardiorespiratory Monitoring
Infants are a special group of people that might benefit tremendously from com-
fortable wearable monitoring devices. Studies have shown that continuous heart rate
monitoring has led to an increase in patient survival rate especially in Neonatal In-
tensive Care Units (NICU) [30, 75]. By continuous monitoring of Electrocardiogram
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(ECG) signals, critical conditions such as bradycardia and tachycardia in infants can
be detected [82]. A detailed study on neonatal bradycardia is presented in [86]. For
infants, bradycardia is defined as sustained heart rate below 80 BPM while awake and
below 60 BPM while asleep [86]. If a cardiac condition like bradycardia is detected,
it can be mitigated by external stimulation such as rubbing the baby [92]. Hence,
alarm systems in addition to continuous monitoring are essential. A wireless and
battery-free solution like the one discussed in this work is ideal for such continuous
infant monitoring.
While the system described so far can be used to monitor an infant’s cardiac ac-
tivity, a complete infant monitoring system requires respiration monitoring as well.
‘Apnea’ is a critical condition where breathing stops for a period longer than 20 sec-
onds or even a shorter duration accompanied with bradycardia [91]. In fact, apnea
and bradycardia can often be related events. Cessation of breathing due to an apnea
can reduce oxygen levels which in turn may induce a reflex slowing of the heart or
bradycardia [79]. The American Academy of Pediatrics recommends home cardiores-
piratory monitoring for infants that are at risk of apnea, bradycardia and hypoxemia
or if they have other conditions that effect cardiac or breathing functions [91]. Hence,
it is essential that cardiac monitoring happen in consonance with respiration moni-
toring for infants. For the benefits of the wireless and battery-free heart rate monitor
to stay, the complementary respiration monitor should also have similar features.
Hence, a respiration monitor that works on RFID technology and is suitable for con-
tinuous monitoring is required. The passive RFID respiration rate monitor described
in Section 2.3.1.2 is well suited for this application.
A vision for an integrated RFID based infant monitor that combines heart and
respiration monitoring is shown in Fig. 6.13.
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Figure 6.13: RFID based heart and respiration rate monitoring
6.2.1 Infant Monitor Test Setup
Figure 6.14: Setup for data collection: a. Complete Setup; b. SimBaby with fabric
band and heart rate RFID tag; c. Contact for ECG signal
The goal of this exercise is to demonstrate the utility of the proposed RFID system
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in monitoring critical cardiorespiratory conditions in infants. Hence, a SimBaby [66],
which is a programmable infant mannequin is employed to get source data. The
SimBaby is a life size model of an infant which is used to train medical practitioners
for infant care. Using a connected computer, the mannequin’s behavior and vital
signs, which include its ECG signal, heart rate, respiratory activity, oxygen saturation
and a host of other parameters, can be controlled. The ECG activity can be recorded
by connecting electrodes to the right and left arm of the baby (shown in Fig. 6.14c).
The SimBaby’s abdomen rises and falls with every breath and hence its respiratory
activity can be simulated by putting the RFID band on its abdomen. An image of
the SimBaby with the fabric band and the heart rate monitoring system is shown in
Fig. 6.14b. The overall data collection setup with the RFID antenna, SimBaby and
the controller is shown in Fig. 6.14a.
The SimBaby control software was employed to simulate bradycardia and apnea.
The performance of the heart rate monitor was first tested independently so that the
performance degradation due to the presence of an additional respiration monitoring
tag can be understood. To simulate bradycardia, the baby’s heart rate was varied
from 100 BPM to 75 BPM and then finally to 55 BPM. The actual heart rate was
calculated by connecting a data acquisition module (National Instruments myDAQ)
to the amplified ECG signal collected from the SimBaby. The RFID system error
and correlation for heart rate measurement were calculated. The heart rate and
respiration rate monitoring systems were then put together as shown in Fig. 6.14a
and b. A scenario was programmed into the SimBaby, wherein the baby would be
breathing for one minute and then stopped breathing for another minute to simulate
apnea. For bradycardia, the baby’s heart rate was set to decrease to 60 BPM after
staying at 110 BPM for one minute. This scenario is illustrated in Fig. 6.15. The
heart rate calculation error in the presence of the respiration rate tag was also studied.
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Figure 6.15: Bradycardia and apnea simulation scenario with the SimBaby
It should be noted that the development of the respiration rate monitor and the
data analysis associated with it is not a part of this dissertation.
6.2.2 Infant Monitor Test Results
The first part of this section discusses the use of the RFID heart rate monitor
with the infant simulator. The second part of the section investigates the heart rate
monitor’s performance in the presence of the respiration rate RFID tag.
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Figure 6.16: Comparison of actual and RFID calculated heart rates for ECG signals
sourced from the SimBaby
6.2.2.1 Heart Rate Monitoring using SimBaby
The Fig. 6.16 shows the first 60 seconds of actual and calculated heart rates for
three different heart rate settings; 110 BPM, 75 BPM and 55 BPM. It should be
noted that the last two settings can be classified as bradycardia for an infant while
awake and asleep respectively. For all three heart rate settings, the RFID calculated
heart rate closely follows the actual heart rate. Table 6.3, compares the mean and
standard deviation of actual and RFID calculated ‘R-R’ intervals. The mean error
and the standard deviation of error are also calculated. The mean error is of the
order of hundreds of microseconds and the standard deviation of error is less than 10
ms for all settings.
The SimBaby was also programmed to gradually transition from 110 BPM to 75
BPM to 55 BPM over 20 second intervals in a separate test. The actual and RFID
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Table 6.3: R-R interval determination accuracy for three different heart rates
Parameter Heart Rate Setting
— 55 BPM 75 BPM 110 BPM
Mean R-R(s) 1.093 0.800 0.547
STD R-R(s) 0.017 0.014 0.009
RFID mean R-R(s) 1.093 0.800 0.547
RFID STD R-R (s) 0.018 0.016 0.012
Mean error (s) -1.97× 10−4 -1.12× 10−4 -1.17× 10−4
STD Err (s) 0.008 0.009 0.009
calculated heart rates for this test are shown in Fig. 6.17. The correlation between
the two sets was calculated to be 0.9976.
The same test was performed after the addition of the respiration rate tag effec-
tively adding noise to the heart rate tag channel. Their comparison is shown in the
next section.
6.2.3 Heart Rate Monitoring with Respiration Rate Monitoring
The comparison of the error in RFID calculated ‘R-R’ intervals and its correlation
with the actual intervals with and without the respiration rate tag are shown in Table
6.4. The performance does not deteriorate significantly after the respiration rate tag
is added. The standard deviation of error increases from about 7 ms to 12 ms and
this can be attributed to the time spent in reading the respiration rate tag which
marginally increases the time between tag reads of the heart rate tag and causes
some tag reads to be missed as discussed earlier. The correlation with the actual
143
Figure 6.17: Comparison of actual and RFID calculated heart rates for bradycardia
simulated using SimBaby
heart continues to remain very high even after the addition of the respiration rate tag
which had nearly 55 % of the tag reads over the measurement period.
Table 6.4: Comparison of actual and RFID calculated ‘R-R’ intervals in the absence
and presence of the respiration rate bellyband tag
Test Mean Error (s) Std Dev of Error (s)
Corr.
Coeff.
Without Respiration Tag -1.28×10−4 0.007 0.9993
With Respiration Tag -8.02×10−4 0.012 0.9957
The Fig. 6.18 shows detection of bradycardia and apnea using the RFID based
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heart and respiration rate monitors. The heart rate is held steady around 110 BPM
for one minute and then bradycardia is simulated by dropping the heart rate to 60
BPM for the next minute. This cycle is repeated for a total period of five minutes. For
respiration rate, the rate is held around 30 breaths per minute for a minute followed by
the same period of no breathing activity. Periods of apnea and bradycardia are clearly
visible in Fig. 6.18. The heart rate plot has a drop in heart rate at around 30 seconds
due to a missed beat which may have been caused due to a sudden rise in baseline
of the SimBaby ECG signal. Two spikes in heart rate can also be seen around 200
and 240 seconds. These were caused due to the the start of the SimBaby compressor
which creates a spurious noise impulse that triggers the heart beat detection circuit
thereby creating an outage.
Figure 6.18: Detection of bradycardia and apnea using RFID tags
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This section showed that the heart rate monitoring tag can be used in tandem
with another tag to monitor critical conditions like bradycardia. The results obtained
here open doors for combining the heart rate monitoring system with other sensors
for continuous health monitoring.
6.3 Wearable Platform for Infant Cardiac Monitoring
The infant cardiorespiratory system discussed in the previous section included a
wearable band for respiration monitoring. However, it lacked a wearable platform
for heart rate monitoring. In this section, a wearable eco-system for infants that
integrates a wearable onesie and a mobile user interface with the RFID heart rate
monitoring system, is described.
6.3.1 System Block Diagram
A wearable heart rate monitoring onesie design and implementation is illustrated
in Fig. 6.19. The wearable component of the system consists of a onesie integrated
with two fabric electrodes and its interconnects for detecting the ECG pulse. A
onesie is chosen because of its simplicity, design and mainly because it is the kind of
clothing that is worn at most times by a baby. The electrodes consist of padded pieces
of conductive fabric (TechniTex P180+B [116]). The two connectors on the onesie are
attached to the inputs of the RFID heart rate monitoring circuit which was described
in Chapter 4. The heart rate monitoring circuit includes the ECG amplifier, ‘R’ wave
detection circuit and the power harvester in addition to a separate RFID tag (not
shown in Fig. 6.19). An antenna connected to the RFID reader captures the RFID
tag information, and then feeds the data into a processing unit. A Raspberry Pi 2
Model B is used as the data collection and processing unit. Heart rate is calculated
in real-time on the processing unit. The calculated heart rate is then communicated
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Figure 6.19: Wearable heart rate monitoring onesie: System architecture and design
via Bluetooth to a mobile app which allows the user to interpret the heart rate data.
In this way, an end-to-end integrated solution for infant heart rate monitoring right
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from sensing the ECG signal through to displaying of the calculated heart rate can
be implemented. The main features of this system are described in the next section.
6.3.2 System Features
Figure 6.20: Baby onesie with electrodes and connectors:a) individual components
used, b) interior of onesie with electrodes, c) front view of onesie with electrodes and
connectors sewn
The wearable onesie has fabric electrodes which are not only more comfortable
than sticky gel electrodes but are also reusable and can withstand several wash-cycles.
The integration of these electrodes on the onesie is shown in Fig. 6.20. The RFID
data is processed on the Raspberry Pi in real time and heart beat data is calculated
by using averaging as described in Section 4.4.4. A local alarm system integrated with
the processing unit is used as an emergency backup system to alert people nearby in
case the babys heart rate is not in the normal range of 80 BPM to 180 BPM [82] or if
there is a communication failure between any of the components of the system. The
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Raspberry Pi also has a bluetooth connection module which can be used to connect
to handheld mobile devices to transmit heart rate information. A mobile application
was created to communicate not only the current heart rate but also raise alarms in
case a critical heart condition is detected for the baby.
Additional details about system design and end-to-end performance can be found
in [4].
6.4 Human Data
The results in the preceding sections were based on ECG signals obtained from
simulators. It was seen that the RFID system heart rate output closely matched
the actual heart rate generated by the simulators. As a final step in validating the
system, system tests were done with human subjects. The results of these tests are
discussed in this section.
6.4.1 Human Tests Setup
A pair of commercial dry gel electrodes (Kendall 230 Foam Electrodes) were placed
on the human subjects’ torso to acquire their ECG signal. The human ECG was
amplified using the RFID system and its output was probed using a data acquisition
(DAQ) module (NI myDAQ) at a sampling frequency of 200 Hz. The data acquired
by the DAQ served as the reference signal for comparison. The remaining setup
was similar to the one described in Section 6.1.1.1. Over two minutes of continuous
data was collected from each individual subject. These tests were conducted after
obtaining protocol approval from the Institutional Review Board (IRB) at Drexel
University.
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6.4.2 Human Tests Results
Fig. 6.21 shows an example of the ECG signal collected using the DAQ over 40
seconds. The ECG here is inverted again as the heart rate detection circuit triggers
on negative edges. The detected ‘R’ peaks used for calculating actual ‘R-R’ intervals
are also shown in this figure.
Figure 6.21: Representative ECG signal from a human subject with ‘R’ peaks marked
A comparison of actual ‘R-R’ intervals with the RFID determined ‘R-R’ intervals
for one human subject is shown in Fig. 6.22 for over two minutes if data. The RFID
calculated ‘R-R’ interval matches the real interval very closely. The same comparison
with heart rate instead of beat intervals is shown in Fig. 6.23.
The data for all human tests are summarized in Table 6.5. For all human subjects
the mean error in calculating ‘R-R’ intervals is smaller than 0.1 ms and a standard
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Figure 6.22: ‘R-R’ interval from human subject 1
Figure 6.23: Heart rate from human subject 1
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deviation of error less than 10 ms. Nearly 20 seconds of the data from the sample
obtained from subject 3 had to be excluded because the subject had a violent bout of
cough during measurement. The excluded period is shown within a dotted box in Fig.
6.24. It is interesting to observe that the ‘R-R’ interval reduced (heart rate increased)
while the subject anticipated the coughing bout and once the episode was over, the
‘R-R’ interval steadily increased (heart rate decreased). For subject 4, one heart beat
was missed due to a sudden shift in ECG baseline caused by subject movement. The
error due to this missed beat is excluded from the results presented in Table 6.5 for
subject 4.
Table 6.5: Comparison of actual and RFID calculated ‘R-R’ intervals for human tests
Subject Actual Data (s) RFID Data (s) Error (s)
Mean Std Dev Mean Std Dev Mean Std Dev
Corr.
Coeff.
1 0.845 0.055 0.845 0.056 -1.79×10−4 0.01 0.9835
2 0.824 0.049 0.824 0.05 -9.4×10−5 0.006 0.9920
31 0.773 0.135 0.773 0.124 -4.4×10−6 0.009 0.9979
42 0.739 0.041 0.740 0.041 -6.9×10−5 0.006 0.9901
5 0.899 0.047 0.899 0.047 -8.0×10−5 0.007 0.9877
Fig. 6.25 compares the actual and RFID calculated heart rate after the subject’s
heart rate was elevated immediately after doing some exercises. The subject was at
rest while the data was collected. The data is for the same subject as in Fig. 6.23
1Almost twenty seconds of data excluded due to subject coughing
2Missed beat excluded
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Figure 6.24: ‘R-R’ interval calculation error due to coughing
Figure 6.25: Heart rate after exercise from human subject 1
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where the heart rate was around 75 BPM. For Fig. 6.25, the heart rate is much higher
because of exertion due to exercise. It can be seen that the heart rate gradually lowers
as the subject is resting from slightly higher than 110 BPM to less than 100 BPM. It
can be seen that the RFID data does not match the actual data as well as it did in
the previous results. The reason for the mismatch can be explained using Fig. 6.26.
The amplitude of the ECG increased after the subject exercised and the recordings
were out of scale for the DAQ. Hence, as can be seen in Fig. 6.26, the ‘R’ waves are
clipped at 0 V . Thus, the actual ‘R-R’ interval from the ECG is not entirely accurate
resulting in a slightly higher mismatch between the RFID and actual ‘R-R’ values.
Even so, the correlation for ‘R-R’ intervals was calculated to be 0.9007. The DAQ
range issue was fixed before testing other subjects.
This set of human tests prove that the RFID heart rate monitor can be used to
monitor human heart rate in practical conditions. The correlation between the actual
and RFID determined heart rate is very high.
Figure 6.26: ECG after exercise from human subject 1
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6.5 Uterine Contraction Monitoring
Figure 6.27: RFID outages with uterine contractions
Uterine contraction monitoring using the RFID on/off system was discussed in
Section 3.4.2. The first 15 minutes of the EHG signal of Fig. 3.23 is shown in
Fig. 6.27. As can be seen in this figure, uterine contractions are associated with
large positive and negative going pulses. In Section 3.4.2, uterine contractions were
detected by turning RFID tag off with every spike within a contraction EHG signal.
The trigger points for these RFID outages are shown as red stars in Fig. 6.27. The
bottom plot in the figure shows the time between RFID tag reads and large jumps
in time between tag reads are clearly visible when uterine contractions happen in the
top plot. Hence, unlike heart beat detection, uterine contractions were detected by
groups of outages.
The bottom plot in Fig. 6.27 cannot be the final output of the RFID based uterine
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contraction monitoring system. Just like ‘heart rate’ is the final output of the RFID
cardiac mnonitoring system, parameters like duration and frequency of contractions
should be outputted for uterine contraction monitoring system. The current standard
method for displaying uterine contraction monitoring results are a tocodynamometer
strip like the one shown in Fig. 2.5. An output that looks similar to the current
standard would be more easily accepted and adapted by medical practitioners [88].
Hence, this section describes a method to present easily decipherable outputs for
RFID based uterine contraction monitoring.
6.5.1 Uterine Contraction Plots from RFID Data
Figure 6.28: Algorithm to generate uterine contraction plots from RFID data
Fig. 6.28 shows the procedure followed to generate uterine contraction plots from
RFID data. The output of the plot should be similar to a tocodynamometer strip so
that uterine contraction frequency and durations can be easily deciphered from them.
In order to achieve that result, time between RFID tag reads is calculated. Outages
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are then separated from the continuous RFID data and the timestamps associated
with these outages are recorded. These timestamps denote the location of EHG pulse
edges. Time between outages are then calculated from these timestamps. These
outages are then run through a false outage elimination routine. This routine looks
at locations of neighboring outages and if an outage does not have other outages in
close proximity, it is eliminated. The elimination routine relies on the principle that
a standalone outage is caused due to a spurious pulse which does not correspond to a
contraction. The RFID datastream is then recreated with continuous time intervals
and each time is assigned a binary value based on presence or absence of an outage.
This new datastream is then passed through a moving average filter to produce a
smoothly varying output similar to a tocodynamometer strip. Two examples of this
process are shown in the next section.
The MATLAB script used to implement this algorithm is shown in Appendix C.
6.5.2 Examples of Uterine Contraction Plots
The EHG source data in this section is again obtained from [7]. An RFID datas-
tream is superimposed on this data as described in Section 3.4.2.
Fig. 6.29 (top) shows about eight minutes of EHG data for a woman in labor.
Four contractions are easily visible in the data. The red stars indicate the trigger
points for RFID outages. The time between tag reads are shown in the bottom of
6.29. Outages are visible in the bottom plot and can be easily separated from the rest
of the data. In the false outage elimination step, standalone outages, like ones circled
in the bottom plot are eliminated. Thereafter, the filtering process as described in
the above section is completed and an output plot is generated. Fig. 6.30 shows
a comparison of the plot generated from the RFID data with a tocodynamometer
strip of that same data. It can be seen that both plots show four contractions at
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Figure 6.29: Comparison of RFID data outages with EHG data for a woman in labor
similar locations. The plots cannot be expected to be exactly identical because the
source data for both are fundamentally different. The tocodynamometer relies on
measuring the mechanical pressure during contractions while the RFID plot relies
on the electrical signals obtained from the uterine muscles (EHG). The duration and
frequencies of contraction can be obtained from the RFID data plot. One might argue
that the RFID plot could be more accurate than the tocodynamometer strip as the
former relies on the source electrical signals that trigger uterine contractions.
Fig. 6.31, shows a comparison of the tocodynamometer strip with its correspond-
ing RFID output plot for a pregnant woman. The original EHG signal for this plot
can be seen in Fig. 3.23. There are nine visible contractions on the tocodynamometer
strip and all nine of those contractions are detected using the RFID method.
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Figure 6.30: Tocodynamometer strip (top) and RFID output plot (bottom) for a
woman in labor
As was mentioned earlier, the time between contractions is an important indicator
of labor onset. Time between contractions or contraction intervals are determined by
taking the difference between successive contractions. For the RFID data, the time of
each contraction is chosen at the point at which a contraction peak is observed in Fig.
6.31. The source database contains annotations for the time at which the mother felt
contractions. These annotations are used to compare the time between contractions
as determined using the RFID method discussed in this work. This comparison is
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shown in Table 6.6. As there are nine contractions visible in Fig. 6.31, there are eight
contraction intervals. It is not expected that the compared contraction intervals be
exactly the same as a contraction can start earlier than a mother starts feeling it [88].
However, the RFID detected contraction intervals are very close to the ones found
from the database annotations.
Table 6.6: Comparison of annotated and RFID calculated uterine contraction inter-
vals
Time between contractions (s)
Contraction Interval Database Annotated RFID Calculated
1-2 239 276
2-3 540 527
3-4 539 513
4-5 480 501
5-6 479 435
6-7 300 376
7-8 539 522
8-9 600 579
A novel and practical method of presenting uterine contraction data has been
developed in this section. However, this method still needs to be validated by imple-
menting hardware and collecting human data.
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6.6 Conclusions
This chapter showed that beat-to-beat variability and some rate arrythmias can be
detected using the proposed RFID heart rate monitoring system. It was shown that
the heart rate system can be combined with another sensor to provide integrated
continuous monitoring. The system was validated using human data. Finally, a
method to present uterine contraction data using the RFID on/off system was also
presented.
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Figure 6.31: Tocodynamometer strip(top) and RFID output plot(bottom) for a preg-
nant woman
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7. Conclusions and Future Work
7.1 Conclusions
Chapter 1 of this thesis introduced the fundamental research challenges in the
future growth of wearable health monitoring devices. The chapter presented the con-
ventional steps in designing a monitoring device; sensing, amplification, digitization
and transmission. The idea that following these conventional steps poses barriers in
improving the wearability of health monitoring devices was discussed. Hence, the
requirement was highlighted for unconventional monitoring techniques that enable
significant reduction in device power consumption and footprint by rethinking the
conventional steps.
The second chapter discussed the state of the art in wireless health monitoring
technologies. Types of bioelectric signals and basic differences in between them were
discussed. Methods for detecting these biosignals which include electrodes and low
power sensors were presented. The discussion then moved to a comparison of some
existing and novel methods for wirelessly transmitting biosignal data. Some uncon-
ventional methods of biosignal detection that use perturbations in wireless RF signals
were presented. Finally, the benefits of using passive RFID technology for biosignal
data transmission were discussed along with some implementations of RFID health
monitors from literature.
Chapter 3 started with a primer on the EPC C1G2 protocol for UHF RFIDs. The
protocol description was followed by an analysis of protocol implications on tag read
times. The novel concept of transmitting biosignal information by turning RFID tags
on and off was then introduced. The chapter then presented an experimental analysis
on time between tag reads as the RFID on/off system’s resolution is dependent on tag
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read intervals. Simulations were then completed to validate the use of the RFID on/off
system for transmitting heart rate and uterine contraction information. Publicly
available biosignal source data and empirically collected RFID timing data were used
for the simulations. This exercise successfully demonstrated the possibility of using
RFID outages to transmit biosignal data.
Hardware implementation for an RFID based heart rate monitor was discussed
in the fourth chapter. The building blocks for implementing such a system include
RFID tag, ECG amplifier, heart beat detection circuit and a power harvester. Low
power components and circuit topologies were identified and designed for a hardware
realization of the system .An innovative approach to detect heart beats and create
RFID outage control pulses using an IC555 timer integrated circuit is discussed. A
commercial power harvester (Powercast P2110) operating in the UHF RFID band was
identified and integrated with the system. The Impinj Monza tag’s range extension
feature was re-purposed to provide the functionality to turn the tag on and off. A
proof of concept system was integrated and tested for functionality. Transmission of
heart rate data using the RFID on/off system hardware was demonstrated alonwith
data analysis and discussion on the need for averaging, system range and the effect
of additional tags. The system was improved by designing a low footprint patch
antenna through simulations and experimental iterations. Additionally, the system
was optimized using low-power and compact components for the ECG amplification
and power harvesting circuits. A compact system that included circuits for power
harvesting, ECG amplification and heart rate detection with a size of only a square
inch was designed.
An algorithm to improve the detection of heart beats and eliminate false outages
was presented in Chapter 5.
Chapter 6 highlighted the capabilities of the system with further enhancements
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and applications. The chapter started with an experimental analysis on heart rate
variability monitoring with the RFID on/off system. It further talked about detection
of various rate arrythmias. The arrythmia discussion was followed by an implementa-
tion of an RFID based infant monitoring system using the developed technology. The
results from heart rate monitoring completed on humans were then presented. Fi-
nally, uterine contraction monitoring was revisited and a technique to present uterine
contraction data was shown.
In conclusion, this work presents several innovative contributions. The overarching
contribution is an unconventional method of transmitting biosignal data by turning
RFID tags on and off [126]. The versatility of the system is demonstrated by using
heart rate and uterine contractions as the monitored biosignals. Significant work is
shown in hardware implementation by choosing optimal components, devising novel
methods for biosignal detection and reusing existing technology for new applications
[124]. By using heart rate as an example the performance of the system in practical
conditions for detection of real-world cardiac problems is explored and an algorithm
is formulated to improve beat detection rate [125]. Combination with another RFID
sensor to enable respiration monitoring is also discussed [127]. Finally, the work
provides several research directions to help realize the full potential of this technology.
However, the work stands to gain through research in several directions. Possible
future areas of work related to this dissertation are described in the next section.
7.2 Future Work
The possible future research related to this thesis can be divided into three broad
areas; overall RFID on/off technology, hardware improvements and data analysis.
Several enhancements also encompass overlapping of the aforementioned research
areas. These main research areas are illustrated in Fig. 7.1.
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Figure 7.1: Area of future work
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1. Technology
• The main system advancement would be to eliminate the need for having
outages. Removing outages allows for the RFID tag to never turn off and
thereby remove the ambiguity caused by false outages. The elimination of
outages can be achieved by flipping a bit on the RFID data message every
time a biosignal feature is detected. This elimination is not possible with
the current system as it would either require writing a bit of data for every
RFID tag communication cycle which would increase power consumption.
A better approach would be to integrate the heart beat detection with the
RFID tag on a single chip that includes the bit flipping feature.
• Respiration and heart rate monitoring applications discussed in Section
6.2 should be integrated and implemented with a single RFID tag.
• This work explored heart rate and uterine contraction monitoring using
the RFID on/off system, additional applications that monitor features of
EMGs, EEGs, EOGs etc should be investigated.
• One of the goals of this work was to create a battery-free monitor. However,
there are applications where a small battery may not be a problem and
could be used to detect many more biosignal features.
2. Hardware
• A promising RFID based simulation for uterine contraction monitoring
is discussed in this work. Thus, the next logical step would be design a
hardware implementation for monitoring uterine contractions.
• The power harvester antenna is the biggest single device of the system.
Designing a fabric antenna would allow for seamless integration between
the wearable platform and the system.
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• Another hardware improvement would include an adaptive gain control
circuit so that the system is able to accept varying biosignal voltage levels.
3. Technology and Hardware
• The overall technology could also benefit from some hardware upgrades
which include implementing a single antenna for power harvesting and the
RFID tag.
• The above goal is more achievable if a system on integrated chip (SoIC)
is designed that includes the biosignal amplification, detection and RFID
tag functions on a single chip. Such an implementation would provide
enormous savings in power and size.
4. Data Analysis
• More human testing needs to be done to validate the system among a
wider population for the heart rate application. Human testing needs to
be initiated for other applications like uterine contraction monitoring.
• This work describes some preliminary work in arrythmia detection using
the RFID on/off system. Extensive data analysis and algorithm develop-
ment can be done to detect various kinds of arrythmia using this system.
5. Hardware and Data Analysis
• Another research area is designing circuits for adaptive outage durations
based on the data from the signal being monitored and environmental
conditions.
6. Data Analysis and Technology
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• More work needs to be done on selecting the correct protocol settings for
a given application under ambient conditions so as to optimize for data
resolution, latency and reliability.
7. Technology, Hardware and Data Analysis
• The eventual goal is to transmit entire biosignals (like electrocardiograms)
instead of just biosignal features (like heart rate). Integration into a SoIC
could be the first step in this direction.
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Appendix A. Matlab Scripts for ECG and EHG Simulations
clc
close all
%This script takes ECG and RFID datastreams and then converts
%the ECG data to RFID on-off data.
% The script plots the original ECG data,
% the threshold trigger for turning
% RFID tags off and an RFID data stream with outages
%Load ECG data
load('rec 1m.mat')
time=0.002:0.002:10;
ecg=val(2,1:length(time));
% Load rfid sample data
load('rfid on data.mat')
threshold=80;
outage=0.1;
% Get RFID timestamps
[timestamps] = get rfid ts ecg(ecg,time,threshold,outage,rel ts,1);
%Get time between rfid responses and indexes of outages
[time diffs,outage idx] = get rfid outages(timestamps,outage);
%Get times where ECG signal was triggered
outage idx time=zeros(size(outage idx));
for i=1:length(outage idx)
outage idx time(i)= ...
find(abs(time-timestamps(outage idx(i)))<0.001);
end
%Find R peak locations in ECG
[peakLoc]=peakfinder(ecg, 0.8, 80, 1, false, false);
%Find RFID and actual R-R differences
rfid r r=diff(timestamps(outage idx));
actual r r=diff(time(peakLoc));
error=(rfid r r-actual r r)';
%Plot ECG and outages
figure
subplot(2,1,1)
plot(time,ecg/200);
xlabel('Time(s)')
ylabel('ECG Signal(mV)')
subplot(2,1,2)
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scatter(timestamps(2:end),time diffs,'*')
xlabel('Time(s)')
ylabel('Time Between Tag Reads (s)')
figure
plot(time,ecg/200);
hold on
plot(time,(80/200)*ones(size(time)),'k')
scatter(time(outage idx time),ecg(outage idx time)/200,'*r')
scatter(time(peakLoc),ecg(peakLoc)/200,'ob')
hold off
xlabel('Time(s)')
ylabel('ECG Signal(mV)')
legend('ECG Signal','Threshold','Detected Beat',...
'R Wave','Location','best')
figure
plot(timestamps(outage idx(2:end)),rfid r r)
hold on
plot(time(peakLoc(2:end)),actual r r,'r')
hold off
xlabel('Time(s)')
ylabel('R-R Interval (s)')
legend('RFID R-R','Actual R-R','Location','best')
%This script takes EMG and RFID datastreams and then
%converts the EMG data to RFID on-off data.
% The script plots the original EMG data,
% the edge trigger for turning
% RFID tags off and an RFID data stream with outages
clc
close all
%Get EMG data
[time,emg] = getfigdata('emg.fig');
close
% Load rfid sample data
load('rfid on data.mat')
threshold=0.03;
outage=0.2;
% Get RFID timestamps
rel ts=rel ts(rel ts(:,1)<55);
rel ts=[rel ts ones(size(rel ts))];
[timestamps] = get rfid ts emg(emg,time,threshold,outage,rel ts,1);
%Get time between rfid responses and indexes of outages
[time diffs,outage idx] = get rfid outages(timestamps,outage);
%Plot EMG and outages
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subplot(2,1,1)
plot(time/60,emg);
xlim([0 max(time/60)])
ylim([-0.2 0.2])
hold on
scatter(timestamps(outage idx)/60,...
zeros(size(timestamps(outage idx))),'*r')
legend('EMG','RFID Outages','Location','best')
xlabel('Time (min)')
ylabel('EMG Amplitude')
hold off
subplot(2,1,2)
scatter(timestamps(1:end-1)/60,time diffs,'*')
xlim([0 max(time/60)])
xlabel('Time (min)')
ylabel('Time from previous tag read (s)')
function [timestamps] = get rfid ts ecg(biosignal data,time,...
threshold,outage,rfid sample file,distance)
%This function takes digitized ECG data and returns rfid timestamps
% from an empirical rfid data stream
%biosignal data: The biosignal ECG data
%time: Timestamps associated with biosignal data
%threshold: Threshold of detection
%outage: duration of outage
%rfid sample file: Source file for rfid data
%distance: Distance from reader at which data was collected
cross=zeros(size(biosignal data));
cross(find(biosignal data>threshold))=1;
prev cross=0;
zero count=0;
% Remove 1's from within the outage time
for i=1:length(cross)
if prev cross==0
if cross(i)==1
prev cross=1;
prev time=time(i);
end
elseif prev cross==1
if time(i) <= (prev time+outage)
cross(i)=0;
else
prev cross=0;
end
end
end
% Find timestamps of zero crossings
cross=abs(cross);
idx=find(cross==1)-1;
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outage time=time(idx);
% Find mean time between rfid responses
sample rfid=get rfid point(rfid sample file,distance,10000);
avg time=mean(sample rfid)/1e3;
clear sample rfid;
% Set up variables for creating a vector with rfid timestamps and
% run a for loop to populate timestamps
prev outage=0;
on time=0;
req samples=0;
rfid stream=zeros(size(time));
rfid count=1;
idx=[idx,length(time)];
for i=1:length(idx)
on time=time(idx(i))-prev outage;
req samples=floor(on time/avg time);
rfid stream(rfid count:(rfid count+req samples-1))= ...
get rfid point(rfid sample file,distance,req samples)./1e3;
rfid count=rfid count+req samples-1;
if sum(rfid stream) < time(idx(i))
while sum(rfid stream) < time(idx(i))
rfid count=rfid count+1;
rfid stream(rfid count)= ...
get rfid point(rfid sample file,distance,1)/1e3;
end
end
while sum(rfid stream) > time(idx(i))
rfid stream(rfid count)=0;
rfid count=rfid count-1;
end
rfid count=rfid count+1;
rfid stream(rfid count)=outage+ ...
get rfid point(rfid sample file,distance,1)/1e3;
prev outage=time(idx(i))+rfid stream(rfid count);
rfid count=rfid count+1;
end
rfid stream(rfid stream==0)=[];
rfid stream(end)=[];
timestamps=cumsum(rfid stream);
end
function [timestamps] = get rfid ts emg...
(biosignal data,time,threshold,outage,rfid sample file,distance)
%This function takes digitized emg data and returns rfid timestamps
% from an empirical rfid data stream
%biosignal data: The biosignal EMG data
%time: Timestamps associated with biosignal data
185
%threshold: Threshold of detection
%outage: duration of outage
%rfid sample file: Source file for rfid data
%distance: Distance from reader at which data was collected
cross=zeros(size(biosignal data));
cross(find(biosignal data>threshold))=1;
cross(find(biosignal data<(-1*threshold)))=-1;
prev cross=0;
zero count=0;
% Find alternating zero crossing points
for i=1:length(cross)
if cross(i)==1
if prev cross==1
cross(i)=0;
end
prev cross=1;
zero count=0;
elseif cross(i)==-1
if prev cross==-1
cross(i)=0;
end
prev cross=-1;
zero count=0;
else
%prev cross=0;
zero count=zero count+1;
if zero count>1000
prev cross=0;
end
end
end
% Find timestamps of zero crossings
cross=abs(cross);
idx=find(cross==1);
outage time=time(idx);
% Find mean time between rfid responses
sample rfid=get rfid point(rfid sample file,distance,10000);
avg time=mean(sample rfid)/1e3;
clear sample rfid;
% Set up variables for creating a vector with rfid timestamps
% and run a for loop to populate timestamps
prev outage=0;
on time=0;
req samples=0;
rfid stream=zeros(size(time));
rfid count=1;
idx=[idx,length(time)];
for i=1:length(idx)
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on time=time(idx(i))-prev outage;
req samples=floor(on time/avg time);
rfid stream(rfid count:(rfid count+req samples-1))= ...
get rfid point(rfid sample file,distance,req samples)./1e3;
rfid count=rfid count+req samples-1;
if sum(rfid stream) < time(idx(i))
while sum(rfid stream) < time(idx(i))
rfid count=rfid count+1;
rfid stream(rfid count)= ...
get rfid point(rfid sample file,distance,1)/1e3;
end
end
while sum(rfid stream) > time(idx(i))
rfid stream(rfid count)=0;
rfid count=rfid count-1;
end
rfid count=rfid count+1;
rfid stream(rfid count)=outage+ ...
get rfid point(rfid sample file,distance,1)/1e3;
prev outage=time(idx(i))+rfid stream(rfid count);
rfid count=rfid count+1;
end
rfid stream(rfid stream==0)=[];
rfid stream(end)=[];
timestamps=cumsum(rfid stream);
end
function [ rfid point ] = ...
get rfid point(rfid data var,dist,no of points)
%This function returns a random rfid data time between
%reads from a database
%rfid data var is the two column database that has time between tag
%reads in column 1 and distance at which the data
%was collected in column 2
%no of points is the number of points required
rel ts=rfid data var(rfid data var(:,2)==dist);
rel ts=rel ts(:,1);
rfid point=randsample(rel ts,no of points);
end
function [time diffs,outage idx] = ...
get rfid outages(timestamps,threshold)
% This function returns the time between rfid tag responses
% and the indices of rfid outages as per a given threshold
% timestamps: rfid timestamps in seconds
% threshold: rfid outage threshold
%timestamps=[0,timestamps];
time diffs=diff(timestamps);
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outage idx=find(time diffs>threshold);
end
Note: The function peakfinder [133] was obtained online.
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Appendix B. Matlab Scripts for Comparison between Actual ECG Data
and RFID Calculated HR
% This script takes extracts the epc codes and relative
% timestamps from a csv file and then asks user to select
% the sensor tag from all tags read. It then proceeds to
% plot the time between tag reads for that tag
% The script also takes in human data as collected
% using DAQ on Matlab and processes it to output time
% between tag reads
% User is prompted to specify a valid range for the ecg data
close all
clear all
clc
%Enter the RFID source filename
prompt='Enter RFID filename: ';
rfid file=input(prompt);
if isempty(rfid file)
rfid file = 'out.csv';
end
[epc96,rel ts] = importRFIDcsv(rfid file);
% Find unique RFID tags read and prompt user to select tag
rfid tags=unique(epc96)
prompt='Enter Tag Index';
x=input(prompt);
if isempty(x)
x = 1;
end
% Find timestamps for the sensor tag
cell idx=strfind(epc96, rfid tags{x});
idx=find(not(cellfun('isempty', cell idx)));
rel ts=rel ts(idx)/1e6;
clear epc96 rfid tags cell idx prompt x rfid file ;
% Find beat to beat interval from RFID data
rel ts diff=diff(rel ts);
outage idx=find(rel ts diff>0.1);
beat times=rel ts(outage idx);
beat intervals=diff(beat times);
% Ask for actual ECG data
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prompt='Enter ECG filename: ';
ecg file=input(prompt)
if isempty(ecg file)
ecg file = 'out.mat';
end
load(ecg file)
% Prefilter ECG data
x=find(data>1.5);
ecg start=x(1);
ecg end=x(end);
data=data(ecg start:ecg end);
ts=ts(ecg start:ecg end);
% Find ECG R waves
[peakLoc]=peakfinder(data, 0.5, 1.2, -1);
% Show ECG data with identified R peaks
figure
plot(ts,data)
hold on
scatter(ts(peakLoc),data(peakLoc),'*r')
hold off
xlabel('Time(s)')
ylabel('Ecg Voltage (V)')
legend('ECG plot','R peak')
%Prompt user to specify start and end based on the ecg plot
prompt='Enter the start point of your data';
ecg start=input(prompt)
prompt='Enter the start point of your data';
ecg end=input(prompt)
close
% Find actual R-R intervals
ts=ts(peakLoc);
ts=ts(ts>ecg start);
ts=ts(ts<ecg end);
ts diff=diff(ts);
% Plot R-R interval from RFID
figure
plot(beat times(2:end)-beat times(1),beat intervals)
ylabel('R-R interval (s)')
xlabel('Time(s)')
title('RFID Output')
% Plot actual R-R intervals
figure
plot(ts(2:end)-ts(1),ts diff)
ylabel('R-R interval (s)')
xlabel('Time(s)')
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title('Actual Intervals')
% This section is used to plot adjusted R-R intervals after
% truncating appropriate data
%ts diff=ts diff(3:end-4);
%ts=ts(1:end-6);
figure
plot(ts(2:end)-ts(1),ts diff,'-b')
hold on
plot(beat times(3:end)-beat times(2),...
beat intervals(2:end),'-.r')
hold off
ylabel('R-R interval (s)')
xlabel('Time(s)')
legend('Actual R-R Intervals',...
'RFID calculated R-R Intervals')
figure
plot(ts(2:end)-ts(1),60./ts diff,'-b')
hold on
plot(beat times(3:end)-beat times(2),...
60./beat intervals(2:end),'-.r')
hold off
ylabel('Heart Rate (BPM)')
xlabel('Time(s)')
legend('Actual Heart Rate','RFID calculated Heart Rate')
mean(ts diff)
std(ts diff)
mean(beat intervals(2:end))
std(beat intervals(2:end))
err=ts diff-beat intervals(2:end);
mean(err)
std(err)
corrcoef(ts diff,beat intervals(2:end))
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Appendix C. Matlab Scripts for Generating Uterine Contraction Plots
from RFID Data
clc
close all
%Get EMG data
[time,emg] = getfigdata('emg.fig');
close
% Load rfid sample data
load('rfid on data.mat')
threshold=0.03;
outage=0.2;
% Get RFID timestamps
rel ts=rel ts(rel ts(:,1)<55);
rel ts=[rel ts ones(size(rel ts))];
[timestamps] = get rfid ts emg...
(emg,time,threshold,outage,rel ts,1);
%Get time between rfid responses and indexes of outages
[time diffs,outage idx] = get rfid outages...
(timestamps,outage);
%Plot EMG and outages
subplot(2,1,1)
plot(time/60,emg);
xlim([0 max(time/60)])
ylim([-0.2 0.2])
hold on
scatter(timestamps(outage idx)/60,...
zeros(size(timestamps(outage idx))),'*r')
legend('EMG','RFID Outages','Location','best')
xlabel('Time (min)')
ylabel('EMG Amplitude')
hold off
subplot(2,1,2)
scatter(timestamps(1:end-1)/60,time diffs,'*')
xlim([0 max(time/60)])
xlabel('Time (min)')
ylabel('Time from previous tag read (s)')
%Find time between RFID outages
outage times=timestamps(outage idx);
outage times temp=[0 outage times];
outage time diff=diff(outage times temp);
clear outage times temp
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contraction flag=zeros(size(outage times));
contraction flag(outage time diff<15)=501;
%Eliminate points that are not
%close to other contraction points
for i=1:(length(contraction flag)-1)
if contraction flag(i)==0
if abs((outage times(i)-outage times(i+1)))<15
contraction flag(i)=501;
end
end
end
%Plot non-contraction points, contraction points
%and eliminated points
figure
scatter(outage times/60,outage time diff)
hold on
scatter(outage times/60,contraction flag,'*r')
%Match RFID datastream to sampling rate of actual data
out vector=zeros(size(emg));
outage times=outage times(contraction flag==501);
outage times new=outage times*200;
outage times new=round(outage times new);
outage times new=outage times new/200;
%Find outages on actual timescale of original data
[~,~,idx]=intersect(outage times new,time);
%Add weight to recreate outages on original timescale
outage count=20;
idx temp=repmat(idx,1,outage count);
idx add=repmat(0:1:outage count-1,length(idx),1);
idx=idx temp+idx add;
clear idx temp idx add
idx=idx(:);
out vector(idx)=1;
%Filter to get smooth toco like output
window size=15001;
movingAverage = conv(out vector, ones...
(window size,1)/window size, 'same');
%Plot toco like output
figure
plot(time/60,movingAverage./max(movingAverage))
xlim([0 max(time/60)])
xlabel('Time (min)')
ylabel('Normalized Amplitude')
grid on
193
Appendix D. Circuit Layouts
The layout of the final optimized board is presented in this Appendix. The board
has four layers; top and bottom component layers have routing while the two inner
layers are plane layers.
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Figure D.1: Top routing layer
Figure D.2: Bottom routing layer
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Figure D.3: Power plane
Figure D.4: Ground plane

